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Maize, Zea mays L., is the largest cereal grain crop grown in United States. Its yield and 
grain quality are adversely impacted by diseases every year. Aspergillus ear rot, caused by the 
fungus Aspergillus flavus, received little interest until its carcinogenic secondary metabolites, 
aflatoxins, were discovered. The objectives of this study were to introgress the quantitative trait 
loci (QTL) 2.04 from Mp313E and 5.03 from Mp715 into two commercial inbred lines, MonF 
and MonM; and evaluate their near isogenic lines (NILs) and testcrosses for preharvest aflatoxin 
accumulation and secondary agronomic traits. Marker assisted selection to create NILs and the 
testcross production was conducted by Bayer Company between 2015 and 2018. Field trials were 
conducted in summer 2019 as randomized complete block trials at three locations. The entry list 
of inbred trials included two donor parents (DP), two recurrent parents (RP), and their 58 NILs, 
and that of hybrid trials included 114 NIL testcrosses and 8 parental testcrosses. The top ear of 
each plant in every plot was inoculated with a 3.4 ml of A.flavus conidial suspension 13 days 
after mid-silk. All the inoculated ears were harvested at maturity, dried, machine shelled, ground, 
and aflatoxin concentration was determined by plot. Separate hybrid yield trials were conducted 
in four locations to measure the grain yield including an additional commercial check.  
 
 
Data on aflatoxin and other secondary traits was analyzed using SAS software. Overall, 
MonF NILs improved significantly more than MonM NILs in terms of their resistance to 
aflatoxin accumulation with the introgression of QTL 2.04 from Mp313E, but there were no 
differences with the introgression of QTL 5.03 from Mp715. Overall, Mp313E NILs improved 
more than Mp715 NILs when the recurrent parent was MonF, but the response was opposite 
when the recurrent parent was MonM. Compared to their respective recurrent parents, there were 
at least two NILs from each of the three out of four RP x DP crosses that significantly improved 
their resistance to aflatoxin accumulation with a minimal loss of their agronomic performance 
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Maize, Zea mays L., is the largest cereal grain crop grown in United States. It was planted 
on an estimated 89.7 million acres in 2019 (USDA, 2020). It is used as food for billions of 
people, feed for livestock, and as biofuel in the automobile industry. Its yield and grain quality 
are adversely impacted by diseases every year in United States. The estimated loss from each 
disease varies among states and years and is influenced by the environmental conditions, crop 
production practices, previous disease history, hybrid selection, and susceptibility to diseases 
(Munkvold and White, 2016). The estimated mean economic loss due to yield loss caused by 
various diseases in United States and Canada from 2012 to 2015 was US$76.51 per acre per year 
(Mueller et al., 2016). Severe yield losses due to diseases are rare and sometimes go unnoticed or 
misdiagnosed (Jardine, 2006; Norton and Nyvall, 2011). However, the secondary metabolites 
known as mycotoxins produced by some fungal pathogens such as Aspergillus, Fusarium, and 
Gibberella species (Forgacs and Carll, 1962) can make grain unsafe for animal and human 
consumption (Bennett and Klich, 2003; Groopman et al., 2008). This is unlike many other 
diseases of maize where, damage is limited to the plant itself (Park and Liang, 1993). 
Aspergillus ear rot, caused by a ubiquitous and saprophytic soil-borne fungus, 
Aspergillus flavus (Taubenhaus, 1920), was considered a minor disease in terms of both yield 
loss and grain quality until 1970s (Payne, 1992; White, 2016), and hence its causal agent 
received very little interest from plant breeders and pathologists until the discovery of its 
 
2 
secondary metabolites, aflatoxins (CAST, 2003; Zuber, 1977). Aflatoxins are predominantly 
produced in peanuts, some tree nuts, cotton seed, and maize grain (Payne, 1992). Aflatoxins are 
usually produced by two common fungal molds, Aspergillus flavus and Aspergillus parasiticus 
(Richard et al., 2003), and the third rare fungal mold that produce the aflatoxins is Aspergillus 
nomius (Eaton et al., 2010). Among different mycotoxins, aflatoxins are the most potent 
identified mycotoxins (Castegnaro and McGregor, 1998; Park and Liang, 1993). International 
Agency for Research on Cancer classified the aflatoxins as group I carcinogens (IARC, 2002). 
Aflatoxin are classified as B1, B2, G1, G2, M1, and M2 based on their color of fluorescence under 
ultra-violet light (Nesbitt et al., 1962), and B1 is considered the most toxic group (Hartley et al., 
1963; Klich, 2007).  
Consumption of aflatoxin contaminated peanut, cottonseed meals, and maize grain has 
severe effects on human and animal health (Gourama and Bullerman, 1995; Bokhari, 2010; 
Doerr et al., 1983; Leung et al., 2006; Wild and Hall, 2000). Aflatoxins are mutagenic, 
carcinogenic (IARC, 2012), immunosuppressive (Scheidegger and Payne, 2003; Williams et al., 
2004), and hepatotoxic in humans and animals (Groopman et al., 2008; Liu and Wu, 2010; Wild 
and Gong, 2010). Long term consumption of aflatoxin infected grain in the developing parts of 
the world results in depressed immune systems that increase vulnerability to AIDS, malaria, and 
tuberculosis and causes poor development of children (Bennett et al., 2007; Gong et al., 2008; 
Jiang et al., 2008; Pornsri et al., 2011). The problem of accumulation of aflatoxin in maize grain 
is more prevalent in hot and dry climates (White, 2016). In the southeastern United States, 
aflatoxin accumulation occurs in abnormally hot and dry years in Georgia and Mississippi; 
however, aflatoxin accumulation is a regular occurrence in Texas where the climate is hot and 
dry every year (Fountain et al., 2014; Hill et al., 1983; Marasas et al., 1979; McMillian et al., 
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1985; Payne, 1992; Payne and Yu, 2010; Zuber et al., 1978; 1979; Wu, 2006). Aflatoxin 
contamination is increased by insect damage to the ears (Dowd, 2003; Widstrom, 1996; Willcox 
et al., 2002) and other biotic and abiotic stresses (Payne, 1992; van Egmond et al., 2007). There 
was a considerable reduction in the aflatoxin contamination between Bt and non-Bt maize 
hybrids (Wu, 2006).   
Discovery of aflatoxins was primarily attributed to the famously described ‘turkey X 
disease’ in 1960 (Blount, 1961) where large flocks of poultry died after consuming contaminated 
Brazilian peanut meal. After a series of experiments conducted by various researchers across 
Europe in 1960 and 1961, aflatoxins were purified to a crystalline form, and the fungal isolate 
producing them was identified as Aspergillus flavus (Sargeant et al., 1961). Smith et al. (2019a) 
published a thorough review on the series of developments leading to aflatoxin discovery. 
During the early years of aflatoxin identification, scientists misunderstood and thought that the 
aflatoxins were produced in maize grain only after harvest and during storage (Lillehoj, 1987). 
This notion delayed the onset of research projects for breeding aflatoxin resistant germplasm 
(Stoloff, 1979). Aflatoxin contamination in maize was first quantified in 1964 and 1965 crop 
years by both USDA-ARS as well as private industry (Shotwell, 1977; Stoloff, 1976). Surveys 
conducted in the subsequent years with emphasis on the southeastern United States led to the 
supposition of pre-harvest accumulation of aflatoxins in maize grain (Smith et al., 2019a).  
Aspergillus ear rot results in high economic losses mainly due to the tighter regulations on 
aflatoxin infected grain in interstate commerce. Aflatoxin management costs are an extra burden 
on both farmers and governments (Richard et al., 2003). This is also a reason why aflatoxin 
contamination in the U.S. is considered more of an economic problem rather than a human health 
concern (Robens and Cardwell, 2003). The U.S. Food and Drug Administration regulates the 
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interstate movement of grain containing aflatoxin at levels higher than 20 ng g-1 (Park and Liang, 
1993; USFDA, 2010). Additionally, several countries banned buying maize grain with aflatoxin 
levels exceeding 5 to 10 ng g-1 (Van Egmond and Jonker, 2004; Wu and Guclu, 2012). Thus, the 
goal of reducing preharvest aflatoxin accumulation has become a key objective for many 





REVIEW OF LITERATURE 
 Several approaches are being considered by different scientific groups toward a common 
goal of reducing aflatoxin accumulation in maize grain. The three important methods include: 
selection for host plant resistance, biocontrol, and biochemical identification and manipulation of 
genes or proteins. 
Selection for host plant resistance to aflatoxin accumulation is widely considered the 
most promising approach (Brown et al., 2013; Moreno and Kang, 1999; Widstrom et al., 2003; 
Williams et al., 2003, 2015). This approach is aided by the field screening of germplasm from 
several countries under artificial inoculation to identify the lines with innate aflatoxin 
accumulation resistance; lab based screening of kernels either to confirm the resistance of inbred 
lines and hybrids (Brown et al., 1995, 1997;  Campbell and White, 1995) or to identify sources 
of resistance by quantifying the aflatoxin content in the kernels using kernel screening assay 
techniques and other biochemical assays (Brown et al., 1993; 2003; Gardner et al., 2006; 
Gembeh et al., 2001; Payne, 1997; Russin et al., 1997). Another selection approach is identifying 
and improving the agronomic traits such as flowering time, husk cover, and insect resistance to 
help avoid fungal attack (Betrán and Isakeit, 2004; Odvody and Chilcut, 2002; Widstrom, 1996; 
Willcox et al., 2002; Williams et al., 2002; Windham and Williams, 1998). Several breeding 
lines identified as innately resistant to aflatoxin accumulation are being used as parents in 
breeding programs to further improve their resistance to aflatoxin accumulation (Balint-Kurti et 
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al., 2006; Betrán et al., 2002; 2004; 2006b; Busboom and White, 2004; Campbell and White, 
1995; Campbell et al., 1997; Gardner et al., 2007; Henry, 2013; Henry et al., 2009; 2012; 2013; 
Mayfield et al., 2012; Menkir et al., 2008; Naidoo et al., 2002; Scott and Zummo, 1988; 1990; 
1992; Walker and White, 2001; Warburton et al., 2009; 2013; Widstrom et al., 1987; Williams 
and Windham, 2001; 2006; 2012; 2015; Williams et al., 2008a; 2008b; 2010; Windham and 
Williams, 2002; Zhang et al., 1997). 
A considerable amount of research is being conducted on the utilization of atoxigenic 
strains of Aspergillus fungi as a biocontrol agent. Earlier, it was hypothesized that the 
competitive exclusion was the mechanism behind the biological control of aflatoxin 
contamination (Cotty, 2006; Dorner, 2004). However, recent research findings explain that the 
growth of competing strains together during the infection process is the trigger for prevention of 
aflatoxin biosynthesis (Damann, 2015). Thakare et al. (2017) demonstrated that small interfering 
RNA molecules can be used in the host-induced gene silencing of aflatoxin biosynthetic 
pathway. The biological control of aflatoxin contamination resulted in significant reductions in 
aflatoxin concentrations in cottonseed (Cotty, 1990; 1994; Cotty and Bayman, 1993), maize 
grain (Abbas et al., 2006; Atehnkeng et al., 2014; Brown et al., 1991; Dorner et al., 1999; Probst 
et al., 2011), and peanuts (Dorner and Horn, 2007). In Nigeria, two naturally occurring 
atoxigenic isolates of A. flavus significantly reduced the accumulation of aflatoxins in maize 
grain when co-inoculated with toxigenic strains (Atehnkeng et al., 2008). In Italy, co-inoculation 
of atoxigenic A. flavus strain, A2085, and toxigenic A. flavus strains in maize resulted in highly 
significant reductions in aflatoxin concentrations (Mauro et al., 2018). In Ghana, the atoxigenic 
isolates reduced aflatoxin biosynthesis by 87-98% compared to the toxigenic isolates in maize 
grain and groundnut seed (Agbetiameh et al., 2019). 
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The identification, mapping, confirmation, and introgression of quantitative trait loci and 
candidate genes contributing resistance to aflatoxin accumulation by using biochemical, 
proteomic, and conventional breeding approaches has been the new strategy followed by several 
researchers in the recent years (Bello, 2007; Brooks et al., 2005; Brown et al., 1995; Chen et al., 
1998; 2002; 2004; 2007; 2012; Cleveland et al., 2004; Dolezal et al., 2014; Farfan et al., 2015; 
Guo et al., 1997; Hamblin and White, 2000; Kelly et al., 2012; Mayfield et al., 2011; Menkir et 
al., 2006; Mideros et al., 2014; Paul et al., 2003; Smith et al., 2019b; Warburton et al., 2009; 
2011a; 2011b; 2015; Widstrom et al., 2003; Willcox et al., 2013; Xiang et al., 2010; Yin et al., 
2014). None of the genetic mapping studies have identified a single gene that provides complete 
resistance to aflatoxin accumulation. The field studies have shown low to medium heritability 
levels, indicating that multiple genes and variable environments both influence the expression of 
the trait.  
Aflatoxin accumulation is a quantitative trait controlled by several minor and few major 
quantitative trait loci (QTL). Quantitative traits are defined by the relative effect of allele 
substitution compared to other sources of variation (Falconer and Mackay, 1996). If the effect of 
substituting one allele of a locus for another is small relative to the overall phenotypic variation 
for a trait, then the trait is quantitative. Small allele substitution effects indicate other sources of 
variation contribute significantly to the total phenotypic variation. Those additional sources of 
variation are the segregation of and interactions between many other small effect genes 
(polygenes) affecting the trait, the environment, and interactions between environment and 
polygenes. The percentage of phenotypic variation explained by each QTL is small. Because of 
the smaller effects of each QTL, it is difficult to work with them. The effect of each QTL on the 
phenotypic variation varies with growing conditions, and there is a limited data on the effects of 
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environment on QTL performance. This poses complications in introgression of these minor 
QTLs into commercial inbred lines for the creation of aflatoxin accumulation resistant hybrids, 
as the efforts and resources required for introgression are similar for both major and minor 
QTLs. To increase the use of identified QTLs in commercial breeding programs, their effects 
must be validated in multiple environments as well as in multiple genetic backgrounds with 
different hybrid combinations (Peccoud et al., 2004). This is expensive and labor intensive. Most 
of the QTLs identified in previous studies express additive gene action. However, in a hybrid 
crop such as maize, epistatic gene action would be more helpful in hybrids (Falconer and 
Mackay, 1996). Because of the genetic and biological complexity of the trait, it will not be 
possible to achieve complete control of aflatoxin accumulation in maize grain through only one 
strategy. The ideal solution to preharvest aflatoxin accumulation in maize grain would be an 
integrated combination of more than one of the above components (Widstrom et al., 2003). 
The aflatoxin accumulation resistant germplasm identified so far in the public sector is 
generally not agronomically suitable for use in commercial breeding programs in the US. Some 
of the undesirable traits the resistant lines display includes delayed flowering, reduced yield, 
higher plant and ear height, longer and tighter husks with ear tip coverage, poor general 
combining ability, poor kernel texture, and altered protein and lipid composition. This is mainly 
because most of the identified sources of resistance are of tropical and subtropical origin, and not 
adapted to US temperate growing conditions (Abbas et al., 2002; Betrán and Isakeit, 2004; 
Betrán et al., 2006a; 2006b; Brown et al., 2001; Guo et al., 1995; Llorente et al., 2004; Mayfield 
et al., 2012; Odvody et al., 1997; Scott and Zummo, 1990; Warburton et al., 2013; Williams and 
Windham, 2001; Williams et al., 2003; 2015). Thus, the best possible solution for inclusion of 
the aflatoxin accumulation resistant germplasm in commercial breeding programs would be 
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introgressing the resistance from these breeding lines by considering them as the donor parents in 
the breeding programs. This approach would alleviate some of the concerns associated with 
aflatoxin research studies such as highly quantitative nature of resistance to aflatoxin 
accumulation; high influence of genotype by environment interactions on the trait (Warburton et 
al., 2013; Willcox et al., 2013); low heritability; additive nature of the trait; and safety concerns 
during artificial inoculation of plants.  
Aflatoxin accumulation resistance is a highly variable trait. It is highly influenced by the 
genotype-by-environment interactions (Hamblin and White, 2000) which can lead to high 
experimental error and low repeatability (Robertson et al., 2005). This creates problems in 
differentiating the true aflatoxin accumulation resistant genotypes from genotypes simply 
avoiding aflatoxin accumulation. This hinders the adoption of the aflatoxin accumulation 
resistant genotypes in breeding programs as such efforts would require confirmation of resistance 
under varied growing conditions which is both laborious and expensive (Bello, 2007; Brooks et 
al., 2005; Paul et al., 2003; Warburton et al., 2009). Heritability estimates of aflatoxin 
accumulation resistance are not high. They range between 0 and 0.6 with a median of 0.3 
(Brooks et al., 2005; Busboom and White, 2004; Campbell and White, 1995; Campbell et al., 
1997; Hamblin and White, 2000; Walker and White, 2001; Warburton et al., 2009). Overall, it 
has been recommended to select germplasm with agronomic traits of high heritabilities coupled 
with reduced preharvest aflatoxin accumulation (Betrán et al., 2005). 
Aflatoxin accumulation resistant inbred line Mp313E was released in 1988 jointly by 
USDA-ARS and the Mississippi Agricultural and Forestry Experiment Station (MAFES). It was 
derived by the direct selfing of the Mexican landrace, Tuxpan, for eight generations. It is also 
resistant to maize chlorotic dwarf virus, partially resistant to maize dwarf mosaic virus and race 
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‘O’ of Bipolaris maydis. It is a tall inbred with high ear placement. This inbred contributes 
relatively stable resistance in test crosses but exhibits undesirable characteristics, such as late 
maturity and poor combining ability for yield. Its ears have a long and tight husk with white 
kernels and white cobs (Scott and Zummo, 1990).  
Aflatoxin accumulation resistant QTLs from Mp313E were first identified in a bi-
parental mapping population of Mp313E and B73 in the studies conducted in four environments 
during 2000, 2001, and 2002 (Brooks et al., 2005). They have identified 2, 3, 5, and 3 QTLs in 
those four environments. The QTLs identified in this study were primarily additive in nature, 
with Mp313E contributing to reduced aflatoxin concentration in all but one case. Two QTL 
regions were significant in at least three environments. The afl3 locus, represented by marker 
bnlg371, was located on chromosome two and accounted for 7 to 18% of variation in aflatoxin 
levels depending on the environment. The afl5 locus, represented by marker bnlg2291, was 
located on chromosome four and accounted for 8 to 18% of variation in aflatoxin levels 
depending on the environment.  
Aflatoxin accumulation resistant QTLs from Mp313E were also identified in a bi-
parental mapping population of Mp313E and Va35 (Willcox et al., 2013). They have conducted 
this study during 1997, 1998, 1999, and 2000 but did not publish their findings until 2013. The 
goals of this study were “to identify and characterize the QTL conferring resistance to aflatoxin 
accumulation from Mp313E in a background of Va35 and compare them to the QTL identified 
from Mp313E in a background of B73; and to test the stability of the QTL from the Mp313E x 
Va35 mapping population over different environments by remapping the phenotypic tails of the 
population in new locations”. They have identified a total of 20 different QTLs in this study 
accounting for a phenotypic variation between 22 and 43% in different years and averaged over 
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years. This may be due to the presence of smaller non-identified QTL, high environmental 
variance, high experimental error, or a combination of these factors. The 20 identified QTLs 
were present on chromosomes 1, 2, 3, 4, 5, and 8. Eleven of those 20 QTLs were also confirmed 
of their presence in more than one environment by using the phenotypic subset mapping 
population. Five of those 20 QTLs were also found to be in the same locations identified in 
Mp313E x B73 mapping population. They are present in bins 1.02, 2.05, 3.05, 4.06, and 5.01. 
From the results of a set of field experiments conducted in 2012, 2014 and 2015 (Warburton, 
personal communication), QTL 2.04 explains approximately 15% of the observed phenotypic 
variation and is consistent across years compared to the other three QTLs evaluated in those 
experiments. The genetic size of QTL 2.04 is also small compared to the other three QTLs 
considered in those experiments (spanning 34 cM for 2.04, compared to 35.2 cM for 4.06, 73.9 
cM for 3.05 QTL and 77 cM for 4.09 QTL).  
Another aflatoxin accumulation resistant inbred line, Mp715, was publicly released in 
1999 jointly by USDA-ARS and MAFES. It was developed by direct selfing of Mexican 
landrace, Tuxpan, for eight generations and selecting for reduced aflatoxin accumulation upon 
artificial inoculation. It is a tall inbred with high ear placement that matures later than Mp313E 
in Mississippi. Its ears have a long and tight husk with yellow kernels and white cobs (Williams 
and Windham, 2001).  
Aflatoxin accumulation resistant QTLs from Mp715 were first identified in a bi-parental 
mapping population between Mp715 and T173 (Warburton et al., 2011a). They have conducted 
this study during 2003, 2004, 2005, and 2006. The goals of this study were “to identify the QTL 
conferring resistance to aflatoxin accumulation from MP715; to characterize the magnitude and 
consistency of resistance in multiple years; and to develop molecular markers to facilitate 
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transfer of identified resistance factors between lines”. They have identified a total of 12 QTLs 
on chromosomes 1, 3, 4, 5, 9, and 10 with phenotypic variation ranging from 2.7 to 18.5%. From 
the previous preliminary experimental results, QTL 5.03 explains approximately 19% of the 
observed phenotypic variation. The genetic size of the QTL 5.03 is also small compared to the 
other significant QTLs (spanning 19.8 cM for 5.03, compared to 65.6cM for 5.07, 52.3 cM for 
3.03 QTL and 65.6 cM for 3.05 QTL). Aflatoxin accumulation resistant QTLs from Mp715 were 
also identified in a bi-parental mapping population between Mp715 and Va35 (Smith et al., 
2019b). They have conducted this study during 2015 and 2016. Five QTL with the beneficial 
allele contributed by Mp715 on chromosomes 5, 6, 7, and 10 were identified during this study.  
The two inbred lines MonF and MonM were developed by conventional breeding 
methods and are extensively used as parents in producing the commercial hybrids by Bayer 
Company. MonF inbred line belongs to the female heterotic group and MonM inbred line 
belongs to male heterotic group of the Bayer’s heterotic groups. They both exhibit favorable 
agronomic characteristics for use as parents in a commercial seed company. The mean 
aspergillus ear rot (AER) visual rating of the hybrids produced with MonF is 4.5 and MonM is 3 
on a scale of ‘1’ to ‘9’; ‘1’ being the most AER resistant and ‘9’ being the most susceptible 
(unpublished data). The fingerprinting data is available on both MonM and MonF and can be 
useful in the selection of polymorphic markers during the marker assisted backcrossing. Since 
the inbred lines from Bayer Company are moderately susceptible to aspergillus ear rot, the goal 
of this research project is to improve their resistance to aspergillus ear rot or aflatoxin 
accumulation by introgressing the QTLs 2.04 and 5.03 from Mp313E and Mp715, respectively.  
It is of the general assumption that the smaller the size of QTL region for introgression, 
better the results to determine its effect on the phenotypic variance. Most of the trait 
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introgression projects by commercial companies involve the QTLs of sizes spanning from 2 to 5 
cM (Kolkman et al., 2019). Since both 2.04 and 5.03 QTLs would be considered as large size 
QTLs in a marker assisted introgression project, they will need to be parsed out to determine the 
phenotypic variation of each sub group. In order to quantify the yield drag caused by the 
introgression of the QTLs 2.04 and 5.03 from Mp313E and Mp715, respectively on the MonF 
and MonM inbred lines, it is required to produce the test cross hybrids with their converted 
inbred lines and their agronomic performance need to be evaluated in replicated yield trials. 
The objectives of this study were (1) to evaluate the effect of QTL 2.04 on the aflatoxin 
accumulation and agronomic performance of the inbred, MonF, and its testcross hybrids (2) to 
evaluate the effect of QTL 2.04 on the aflatoxin accumulation and agronomic performance of the 
inbred, MonM, and its testcross hybrids (3) to evaluate the effect of QTL 5.03 on the aflatoxin 
accumulation and agronomic performance of the inbred, MonF, and its testcross hybrids (4) to 
evaluate the effect of QTL 5.03 on the aflatoxin accumulation and agronomic performance of the 





MATERIALS AND METHODS 
Selection of markers for foreground selection 
All the genotyping work was done by using the single nucleotide polymorphic (SNP) 
markers. The locus genotype information is required to choose the polymorphic markers for the 
foreground and background selection. Both the donor parents and recurrent parents were 
fingerprinted to get the allelic information across the genome. The allelic information was 
available for 45257, 44922, 67685, and 67862 SNP markers from donor parents, Mp313E and 
Mp715, and recurrent parents, MonF and MonM, respectively. The percentage genetic similarity 
among donor parents and recurrent parents was 65.27 and 34.60, respectively. This suggests that 
the donor parents belong to same heterotic group whereas the recurrent parents belong to 
different heterotic groups. By considering only the common markers in fingerprinting, the 
percentage genetic similarity of MonF and MonM with each of the Mp313E and Mp715 was 
53.1, 52.48, 58.15, and 60.48, respectively, suggesting the donor parents neither belong to female 
heterotic group nor male heterotic group. (Table 3.1). The eight near isogenic lines of the current 
experiment which improved their aflatoxin accumulation resistance significantly compared to 
their respective recurrent parents were also fingerprinted and will be discussed in the ‘Results 
and Discussion’ chapter. Even though not discussed in the ‘materials and methods’ section, Prior 
to picking the polymorphic markers, the genetic and physical position of the QTLs 2.04 and 5.03 
was determined using the Bayer company’s genetic map. The genetic location of the QTL 2.04 
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was determined to be on chromosome 2 between 76.3 cM and 110.3 cM and the QTL 5.03 was 
on chromosome 5 between 60.3 cM and 80.1 cM. Polymorphic markers between the donor and 
recurrent parents within the QTL region were identified using the genetic location on the 
corresponding chromosome. A total of 10, 12, 10, and 9 polymorphic markers were selected to 
be used in the foreground selection of MonF x Mp313E, MonM x Mp313E, MonF x Mp715, and 
MonM x Mp715 crossing populations. Enough attention was paid to pick the polymorphic 
markers that were common between the recurrent parents of a unique donor parent. However, 
there were four and three polymorphic markers that are different between the recurrent parents of 
Mp313E cross and Mp715 cross, respectively (Table 3.2). Even though not many details are 
provided here because of the proprietary reasons, it had to be mentioned here that the 
polymorphic markers used in the background selection were auto picked by the computer with a 
limitation of auto picking of up to 100 polymorphic markers across the whole genome. 
Foreground selection was conducted on BC1, BC2, BC3 generation seed, and leaf tissue samples 
of BC3F2 plants, whereas the background selection was conducted on BC2 and BC3 generation 
seed and leaf tissue samples of BC3F2 plants.   
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Table 3.1 The percentage genetic similarity between the parental inbreds and eight of their 
near isogenic lines (NILs). 
Inbred or NIL 
Inbred or NIL 
MonF MonM Mp313E Mp715 
MonF  34.6 53.10 52.48 
MonM 34.6  58.15 60.48 
Mp313E 53.1 58.15  65.27 
Mp715 52.48 60.48 65.27  
MonF x Mp313E - A 95.13  54.01  
MonF x Mp313E - F 97.23  54.69  
MonM x Mp313E - H  93.82 59.87  
MonM x Mp313E - L  97.52 59.48  
MonF x Mp715 - E 96.58   54.02 
MonF x Mp715 - H 97.42   53.72 
MonM x Mp715 - L  96.17  59.18 
MonM x Mp715 - M  96.42  59.97 
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Table 3.2 The genetic and physical position of the polymorphic markers used in the 
foreground selection of MonF x Mp313E, MonM x Mp313E, MonF x Mp715, and 






Donor Parent Recurrent parent 
2 2.04 *76.3 22.227853 Mp313E MonF, and MonM 
2 2.04 *81.5 24.504951 Mp313E MonF, and MonM 
2 2.04 84.5 30.041000 Mp313E MonF, and MonM 
2 2.04 87.4 38.040474 Mp313E MonF, and MonM 
2 2.04 91.1 41.627486 Mp313E MonF, and MonM 
2 2.04 96.2 48.543077 Mp313E MonF, and MonM 
2 2.04 98.2 56.781143 Mp313E MonM 
2 2.04 98.3 56.781405 Mp313E MonM 
2 2.04 99.4 59.226723 Mp313E MonM 
2 2.04 103.7 93.593796 Mp313E MonF, and MonM 
2 2.04 105.6 107.522957 Mp313E MonF 
2 2.04 *109.1 140.908233 Mp313E MonF, and MonM 
2 2.04 *112.5 153.928947 Mp313E MonF, and MonM 
5 5.03 **59.8 18.590370 Mp715 MonF, and MonM 
5 5.03 **64.8 20.727610 Mp715 MonF, and MonM 
5 5.03 67.4 23.216126 Mp715 MonF, and MonM 
5 5.03 68.5 29.220871 Mp715 MonF, and MonM 
5 5.03 71.4 33.754460 Mp715 MonM 
5 5.03 73.1 38.740130 Mp715 MonF 
5 5.03 73.3 39.732338 Mp715 MonF, and MonM 
5 5.03 75.2 43.079010 Mp715 MonF 
5 5.03 76 45.830626 Mp715 MonF, and MonM 
5 5.03 **78.3 56.643324 Mp715 MonF, and MonM 
5 5.03 **80.1 63.254254 Mp715 MonF, and MonM 




Figure 3.1 Flow chart of marker assisted backcrossing to introgress resistance of a monogenic 
trait from a resistant donor parent into a susceptible recurrent parent. 
DP – Donor parent; RP – Recurrent parent; R – Dominant allele; r – recessive allele. 
DP (RR) X RP (rr)
F1 (Rr) X RP (rr)
BC1 (Rr or rr)
BC1 (Rr) X RP (rr)
BC2 (Rr or rr)
BC2 (Rr) X RP (rr)
BC3 (Rr or rr)
BC3 (Rr)
BC3F2 (RR or Rr or rr)
Converted inbred line (BC3F3)
Foreground selection
Foreground and Background selection
Bulk groups made
Foreground and Background selection
Bulk groups tracked
Zygosity testing
Converted inbred line (BC3F4)
Hybrids for disease screening and yield trials
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Introgression of quantitative trait loci 
Introgression of QTL 2.04 from Mp313E into MonF background 
Figure 3.1 detailed the steps involved in the introgression of any quantitative trait loci 
from a resistant donor parent (DP) into a susceptible recurrent parent (RP). Even though it only 
explains the introgression of a monogenic trait controlled by a dominant gene, it can be 
extrapolated to the process of introgressing the quantitative trait loci (QTL) in this study. An elite 
inbred line, MonF, was used as the recurrent parental line and another inbred line, Mp313E, was 
used as the donor parent line. During 2015/2016 at the Hawaii winter nursery, both donor and 
recurrent parent lines were grown and cross pollinated in a reciprocal recurrent manner to 
generate the F1 seed.  
During the spring of 2016 at Tlajomulco summer breeding nursery, Mexico, a 
representative sample of 13 F1 seed was grown and backcrossed to the recurrent parent and 
generated a total of 4098 BC1 seed. All the BC1 seed was sent to the lab for the foreground 
selection by utilizing the proprietary seed chipping technology. The details of the DNA 
extraction are not explained here due to the proprietaries, but seed chipper removes a small chip 
from each maize seed for analysis without harming the seed’s ability to grow. The goal of this 
step was to select the individuals that have heterozygous alleles present at all the marker 
positions. The lab data was available on only 9 markers out of an expected 10 markers. The 
marker 8 was not considered in the selection process due to inconsistencies in its data 
availability. A total of 1572 BC1 seed was selected during this step and would be used for future 
backcross purposes while the non-selected seed was discarded from the lab.  
During 2016/2017 at El Tizate winter breeding nursery, Mexico, a representative sample 
of 13 BC1 seed was grown and backcrossed to the recurrent parent, MonF, and generated BC2 
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seed. A representative sample of 8000 BC2 seed was sent to the lab for the marker assisted 
backcrossing by utilizing the proprietary seed chipping technology. The selections were 
completed in two rounds; the first round of selections using only the flanking markers, and the 
second round of selections using the remaining polymorphic markers in the QTL region plus the 
background markers across the whole genome. During the first round, marker data was available 
only on the flanking markers of the QTL 2.04; two on the left-hand side at 76.3 cM and 81.5 cM 
and two on the right-hand side at 109.1 cM and 112.5 cM. The goal of the first round of selection 
was to identify the individuals that are either heterozygous at all four flanking marker positions 
of the QTL or homozygous as recurrent parent alleles on either hand side of the two flanking 
marker positions. A total of 1155 individual BC2 seed was selected from the first round of 
selection. Only the selected individuals from the first round of selection were considered for the 
second round of selection.  
The goal of the second round of selection was to parse the QTL region into smaller sub 
groups and also select individuals with maximum amount of recurrent parent genome. A total of 
66 polymorphic markers spanning across all 10 chromosomes were auto picked by computer 
software to be considered as background markers. Since the first round of selection step 
considered the genotype of only flanking markers, the remaining 6 markers within the QTL 
region were also included in the second round of selection step. During the second round of 
selection step, the QTL region was parsed into 13 different smaller regions called as bulk group 
‘a’ to ‘m’. For example, bulk group ‘a’ holds the individuals with a genetic profile of 
homozygous recurrent parent alleles from marker 1 to marker 8, heterozygous alleles at the 
marker 9th and 10th positions, and homozygous recurrent parent alleles at maximum number of 
background marker positions. The percentage recurrent parent genome recovered in the selected 
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individuals ranged between 61.7 and 98.66 across the bulk groups. On an average, 20 individual 
BC2 seed was selected per bulk group and all the non-selected seed was discarded from the lab. 
Table 3.2 provides the details of all the bulk groups made along with the percentage recurrent 
parent genome recovered.  
During the summer of 2017 at Tlajomulco summer breeding nursery, Mexico, all of the 
selected BC2 seed from every bulk group was grown in individual plots and backcrossed to the 
recurrent parent to generate the BC3 seed of 13 bulk groups. On an average, a representative 
sample of 1000 BC3 seed from every bulk group was sent to the lab for both the foreground and 
background selection by utilizing the proprietary seed chipping technology. The selection 
procedure followed during this stage is similar to the procedure followed during the BC2 stage. 
The genomic identity of the bulk groups was maintained during the selection process. The 
percentage recurrent parent genome recovered in the selected individuals ranged between 87.48 
and 97.07 across the bulk groups. On an average, 20 individual BC3 seed was selected per bulk 
group and the remaining non-selected seed was discarded from the lab. Table 3.2 provides the 
details of all the bulk groups made along with the percentage recurrent parent genome recovered.  
During 2017/2018 at Puerto Vallarta winter breeding nursery, Mexico, all of the selected 
BC3 seed from every bulk group was grown in individual plots and self-pollinated to generate the 
BC3F2 seed. Due to the constraints of timing in sending the seed to lab, all the seed of every 
BC3F2 bulk group was planted in the field during summer of 2018 at Satartia breeding nursery. 
The leaf tissue of every BC3F2 plant of each bulk group was sent to the lab for zygosity testing. 
The goal of zygosity testing was to identify the individual plants that are homozygous across all 
of the 10 marker positions in conjunction with the marker profile for a given bulk group. A total 
of 1171 BC3F2 plants were tissue sampled across 13 different bulk groups and a total of 142 
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individuals were selected combining all bulk groups. There was no necessity to select for 
background markers in this step as the percentage of recurrent parent genome recovered in the 
background was already high enough at the end of BC3 selections. The selected individual plants 
of every bulk group were self-pollinated to generate BC3F3 seed. Upon harvest of the ears, all the 
BC3F3 ears of a bulk group were combined and shelled together. 
During 2018/2019 at Hawaii winter nursery, a representative sample of 13 seed from 
every BC3F3 bulk group was grown in individual plots and self-pollinated to generate BC3F4 
seed. The only reason for this seed increase step was to make sure that there was enough seed for 
field testing of different bulk groups. Also, during 2018/2019 at Hawaii winter nursery, a 
representative sample of 13 seed from every BC3F3 bulk group was grown in individual plots and 
test crossed with testers, male tester 1 (MT1) and male tester 2 (MT2), to produce test cross 
hybrids of different bulk groups for yield trials. Instead of calling them as bulk groups, starting 
from BC3F4 generation, bulk groups were identified as near isogenic lines.  
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Table 3.3 Bulk groups and the percentage recurrent parent genome in MonF x Mp313E crosses at BC2 and BC3 generations. 
















 1 2 3 4 5 6 7 8 9 10  BC2 BC3 BC2 BC3 BC2 BC3 
 76.3 81.5 84.5 87.4 91.1 96.2 103.7 105.6 109.1 112.5        
A           66 20 20 61.70 93.39 91.30 97.07 
B           66 20 20 84.61 95.28 91.75 97.04 
C           66 20 20 81.30 96.15 95.91 96.87 
D           66 20 20 78.22 91.88 89.58 94.25 
E           66 20 20 82.31 93.44 93.06 95.49 
F           66 20 20 84.00 94.37 89.76 96.27 
G           66 20 20 85.61 94.09 92.96 95.32 
H           66 20 20 83.67 93.82 93.21 95.84 
I           66 20 20 84.78 94.76 97.89 96.26 
J           66 20 20 80.28 92.98 93.04 94.72 
K           66 20 20 83.10 92.83 98.66 95.16 
L           66 20 20 73.26 91.37 94.67 94.21 
M           66 20 20 72.15 87.48 92.42 93.50 
Genotypic classes: Yellow color = homozygous for MonF, Orange color = heterozygous  
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Introgression of QTL 2.04 from Mp313E into MonM background 
An elite inbred line, MonM, was used as the recurrent parental line and another inbred 
line, Mp313E, was used as the donor parent line. During 2015/2016 at the Hawaii winter 
nursery, both donor and recurrent parent lines were grown and cross pollinated in a reciprocal 
recurrent manner to generate the F1 seed.  
During the spring of 2016 at Tlajomulco summer breeding nursery, Mexico, a 
representative sample of 13 F1 seed was grown and backcrossed to the recurrent parent and 
generated a total of 1307 BC1 seed. All the BC1 seed was sent to the lab for the foreground 
selection by utilizing the proprietary seed chipping technology. The lab data was available on all 
of the 10 expected markers. The goal of this step was to select the individuals that have 
heterozygous alleles present at all the 10 marker positions. A total of 450 BC1 seed was selected 
during this step and would be used for future backcross purposes while the non-selected seed 
was discarded from the lab.  
During 2016/2017 at El Tizate winter breeding nursery, Mexico, a representative sample 
of 13 BC1 seed was grown and backcrossed to the recurrent parent, MonM, and generated BC2 
seed. A representative sample of 8000 BC2 seed was sent to the lab for both the foreground and 
background selection by utilizing the proprietary seed chipping technology. The selections were 
completed in two rounds; the first round of selections using only the flanking markers, and the 
second round of selections using the remaining polymorphic markers in the QTL region plus the 
background markers across the whole genome. During the foreground selection, marker data was 
available only on the flanking markers of the QTL; two on the left-hand side at 76.3 cM and 81.5 
cM and two on the right-hand side at 109.1 cM and 112.5 cM. The goal of the first round of 
selection was to identify the individuals that are either heterozygous at all four flanking marker 
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positions of the QTL or homozygous as recurrent parent alleles on either hand side of the two 
flanking marker positions. A total of 1078 individual BC2 seed was selected from the first round 
of selection. Only the selected individuals from the first round of selection step were considered 
for the second round of selection.  
The goal of the second round of selection was to parse the QTL region into smaller sub 
groups and also recover the maximum amount of recurrent parent genome. A total of 67 
polymorphic markers spanning across all 10 chromosomes were auto picked by computer 
software to be considered as background markers. During the background selection step, the 
QTL region was parsed into 17 different smaller regions called as bulk group ‘a’ to ‘r’ 
(excluding ‘d’). For example, bulk group ‘a’ holds the individuals with a genetic profile of 
homozygous recurrent parent alleles from marker 1 to marker 10, heterozygous alleles at the 
marker 11th and 12th positions, and homozygous recurrent parent alleles at maximum number of 
background marker positions. The percentage recurrent parent genome recovered in the selected 
individuals ranged between 67.52 and 91.71 across the bulk groups. On an average, 20 individual 
BC2 seed was selected per bulk group and all the non-selected seed was discarded from the lab. 
Table 3.3 provides the details of all the bulk groups made along with the percentage recurrent 
parent genome recovered.  
During the summer of 2017 at Tlajomulco summer breeding nursery, Mexico, all of the 
selected BC2 seed from every bulk group was grown in individual plots and backcrossed to the 
recurrent parent to generate the BC3 seed of 17 bulk groups. On an average, a representative 
sample of 1000 BC3 seed from every bulk group was sent to the lab for both the foreground and 
background selection by utilizing the proprietary seed chipping technology. The selection 
procedure followed during this stage is similar to the procedure followed during the BC2 stage. 
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The genomic identity of the bulk groups was maintained during the selection process. The 
percentage recurrent parent genome recovered in the selected individuals ranged between 88.41 
and 98.15 across the bulk groups. On an average, 20 individual BC3 seed was selected per bulk 
group and the remaining non-selected seed was discarded from the lab. Table 3.3 provides the 
details of all the bulk groups made along with the percentage recurrent parent genome recovered.  
During 2017/2018 at Puerto Vallarta winter breeding nursery, Mexico, all of the selected 
BC3 seed from every bulk group was grown in individual plots and self-pollinated to generate the 
BC3F2 seed. Due to the time constraints in sending the seed to lab, all the seed of every BC3F2 
bulk group was planted in the field during summer of 2018 at Satartia breeding nursery. The leaf 
tissue of every BC3F2 plant of each bulk group was sent to the lab for zygosity testing. The goal 
of zygosity testing was to identify the individual plants that are homozygous across all of the 12 
marker positions in conjunction with the marker profile for a given bulk group. A total of 1496 
BC3F2 plants were tissue sampled across 17 different bulk groups and a total of 186 individuals 
were selected combining all bulk groups. There was no necessity to select for background 
markers in this step as the percentage of recurrent parent genome recovered in the background 
was already high enough at the end of BC3 selections. The selected individual plants were self-
pollinated to generate BC3F3 seed. Upon harvest of the ears, all the BC3F3 ears of a bulk group 
were combined and shelled together. 
During 2018/2019 at Hawaii winter nursery, a representative sample of 13 seed from 
every BC3F3 bulk group was grown in individual plots and self-pollinated to generate BC3F4 seed 
for field testing. During the same season, a representative sample of 13 seed from every BC3F3 
bulk group was grown in individual plots and test crossed with testers, female tester 1 (FT1) and 
female tester 2 (FT2), to produce the test cross hybrids of different bulk groups for yield trials. 
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Table 3.4 Bulk groups and the percentage recurrent parent genome in MonM x Mp313E crosses at BC2 and BC3 generations. 
















 1 2 3 4 5 6 7 8 9 10 11 12  BC2 BC3 BC2 BC3 BC2 BC3 
 76.3 81.5 84.5 87.4 91.1 96.2 98.2 98.3 99.4 103.7 109.1 112.5        
A             67 20 20 73.85 94.18 88.53 96.41 
B             67 20 20 76.18 95.24 91.71 96.97 
C             67 9 20 67.52 88.41 90.28 97.25 
E             67 20 20 73.72 94.11 87.51 97.14 
F             67 20 20 78.77 93.4 88.68 96.08 
G             67 20 20 75.53 93.05 88.54 95.75 
H             67 20 20 82.06 94.06 91.67 95.62 
I             67 20 20 80.29 93.49 87.72 95.80 
J             67 20 20 83.51 95.44 90.99 97.23 
K             67 20 20 81.78 95.28 91.47 97.26 
L             67 20 20 76.14 92.91 90.46 95.09 
M             67 20 20 78.41 93.68 86.62 95.62 
N             67 20 20 73.18 93.93 86.52 96.08 
O             67 3 20 68.88 91.36 81.84 94.10 
P             67 20 20 76.18 92.77 88.22 94.89 
Q             67 20 20 69.69 93.05 89.21 95.99 
R             67 20 20 70.29 96.06 82.64 98.15 
Genotypic classes: Yellow color = homozygous for MonM, Orange color = heterozygous  
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Introgression of QTL 5.03 from Mp715 into MonF background 
An elite inbred line, MonF, was used as the recurrent parental line and another inbred 
line, Mp715, was used as the donor parent line. During 2015/2016 at the Hawaii winter nursery, 
both donor and recurrent parent lines were grown and cross pollinated in a reciprocal recurrent 
manner to generate the F1 seed.  
During the spring of 2016 at Tlajomulco summer breeding nursery, Mexico, a 
representative sample of 13 F1 seed was grown and backcrossed to the recurrent parent and 
generated a total of 3598 BC1 seed. All the BC1 seed was sent to the lab for the foreground 
selection by utilizing the proprietary seed chipping technology. The lab data was available on all 
10 expected markers. The goal of this step was to select the individuals that have heterozygous 
alleles present at all the 10 marker positions. A total of 1221 BC1 seed was selected during this 
step and would be used for future backcross purposes while the non-selected seed was discarded 
from the lab.  
During 2016/2017 at El Tizate winter breeding nursery, Mexico, a representative sample 
of 13 BC1 seed was grown and backcrossed to the recurrent parent and generated BC2 seed. A 
representative sample of 8000 BC2 seed was sent to the lab for both the foreground and 
background selection by utilizing the proprietary seed chipping technology. The selections were 
completed in two rounds; the first round of selections using only the flanking markers, and the 
second round of selections using the remaining polymorphic markers in the QTL region plus the 
background markers across the whole genome. During the first round of selection, marker data 
was available only on the flanking markers of the QTL (two on the left-hand side at 59.8 cM and 
64.8 cM and two on the right-hand side at 78.3 cM and 80.1 cM). The goal of the first round of 
selection was to identify the individuals that are either heterozygous at all four flanking marker 
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positions of the QTL or homozygous as recurrent parent alleles on either hand side of the two 
flanking marker positions. A total of 950 individual BC2 seed was selected from the first round of 
selection. Only the selected individuals from the first round of selection step were considered for 
the second round of selection.  
The goal of the second round of selection was to parse the QTL region into smaller sub 
groups and also recover the maximum amount of recurrent parent genome. A total of 68 
polymorphic markers spanning across all 10 chromosomes were auto picked by computer 
software to be considered as the background markers. During the background selection step, the 
QTL region was parsed into 15 different smaller regions called as bulk group ‘a’ to ‘o’. For 
example, bulk group ‘a’ holds the individuals with a genetic profile of homozygous recurrent 
parent alleles from marker 1 to marker 8, heterozygous alleles at the marker 9th and 10th 
positions, and homozygous recurrent parent alleles at maximum number of background marker 
positions. The percentage recurrent parent genome recovered in the selected individuals ranged 
between 63.62 and 90.28 across the bulk groups. On an average, 20 individual BC2 seed was 
selected per bulk group and all the non-selected seed was discarded from the lab. Table 3.4 
provides the details of all the bulk groups made along with the percentage recurrent parent 
genome recovered.  
During the summer of 2017 at Tlajomulco summer breeding nursery, Mexico, all of the 
selected BC2 seed from every bulk group was grown in individual plots and backcrossed to the 
recurrent parent to generate the BC3 seed of 15 bulk groups. On an average, a representative 
sample of 1000 BC3 seed from every bulk group was sent to the lab for both the foreground and 
background selection by utilizing the proprietary seed chipping technology. The selection 
procedure followed during this stage is similar to the procedure followed during the BC2 stage. 
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The genomic identity of the bulk groups was maintained during the selection process. The 
percentage recurrent parent genome recovered in the selected individuals ranged between 92.42 
and 97.38 across the bulk groups. On an average, 20 individual BC3 seed was selected per bulk 
group and the remaining non-selected seed was discarded from the lab. Table. 3.4 provides the 
details of all the bulk groups made along with the percent recurrent parent genome recovered.  
During 2017/2018 at Puerto Vallarta winter breeding nursery, Mexico, all of the selected 
BC3 seed from every bulk group was grown in individual plots and self-pollinated to generate the 
BC3F2 seed. Due to the time constraints in sending the seed to lab, all the seed of every BC3F2 
bulk group was planted in the field during summer of 2018 at Satartia breeding nursery. The leaf 
tissue of every BC3F2 plant of each bulk group was sent to the lab for zygosity testing. The goal 
of zygosity testing was to identify the individual plants that are homozygous across all of the 10 
marker positions in conjunction with the marker profile for a given bulk group. A total of 1261 
BC3F2 plants were tissue sampled across 15 different bulk groups and a total of 161 individuals 
were selected combining all bulk groups. There was no necessity to select for background 
markers in this step as the percentage of recurrent parent genome recovered in the background 
was already high enough at the end of BC3 selections. The selected individual plants were self-
pollinated to generate BC3F3 seed. Upon harvest of the ears, all the BC3F3 ears of a bulk group 
were combined and shelled together. 
During 2018/2019 at Hawaii winter nursery, a representative sample of 13 seed from 
every BC3F3 bulk group was grown in individual plots and self-pollinated to generate BC3F4 seed 
for field testing. Also, during the same season, a representative sample of 13 seed from every 
BC3F3 bulk group was grown in individual plots and test crossed with testers, MT1 and MT2, to 
produce the test cross hybrids of different bulk groups for yield trials. 
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Table 3.5 Bulk groups and the percentage recurrent parent genome in MonF x Mp715 crosses at BC2 and BC3 generations. 
















 1 2 3 4 5 6 7 8 9 10  BC2 BC3 BC2 BC3 BC2 BC3 
 59.8 64.8 67.4 68.5 73.1 73.3 75.2 76 78.3 80.1        
A           68 20 20 76.62 93.86 83.28 96.39 
B           68 4 20 67.64 92.42 80.35 95.57 
C           68 20 20 69.36 92.38 85.60 95.57 
D           68 8 20 65.39 93.54 78.26 96.49 
E           68 20 20 80.20 94.79 88.07 97.38 
F           68 20 20 77.62 94.83 90.28 96.53 
G           68 20 20 76.35 94.91 84.21 97.01 
H           68 20 20 76.59 94.72 86.37 96.55 
I           68 20 20 80.92 95.30 87.10 97.29 
J           68 20 20 81.89 95.31 88.89 96.79 
K           68 6 20 69.18 93.33 83.72 96.83 
L           68 20 20 70.26 93.28 84.86 95.77 
M           68 9 20 63.62 93.40 80.56 96.13 
N           68 20 20 76.37 93.59 85.15 96.45 
O           68 20 20 67.81 92.60 85.05 94.87 
Genotypic classes: Yellow color = homozygous for MonF, Orange color = heterozygous  
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Introgression of QTL 5.03 from Mp715 into MonM background 
An elite inbred line, MonM, was used as the recurrent parental line and another inbred 
line, Mp715, was used as the donor parent line. During 2015/2016 at the Hawaii winter nursery, 
both donor and recurrent parent lines were grown and cross pollinated in a reciprocal recurrent 
manner to generate the F1 seed.  
During the spring of 2016 at Tlajomulco summer breeding nursery, Mexico, a 
representative sample of 13 F1 seed was grown and backcrossed to the recurrent parent and 
generated a total of 1107 BC1 seed. All the BC1 seed was sent to the lab for the foreground 
selection by utilizing the proprietary seed chipping technology. The lab data was available on all 
of the nine expected markers. The goal of this step was to select the individuals that have 
heterozygous alleles present at all the nine marker positions. A total of 459 BC1 seed was 
selected during this step and would be used for future backcross purposes while the non-selected 
seed was discarded from the lab.  
During 2016/2017 at El Tizate winter breeding nursery, Mexico, a representative sample 
of 13 BC1 seed was grown and backcrossed to the recurrent parent and generated BC2 seed. A 
representative sample of 8000 BC2 seed was sent to the lab for both the foreground and 
background selection by utilizing the proprietary seed chipping technology. The selections were 
completed in two rounds; the first round of selections using only the flanking markers, and the 
second round of selections using the remaining polymorphic markers in the QTL region plus the 
background markers across the whole genome. During the first round of selection, marker data 
was available only on the flanking markers of the QTL (two on the left-hand side at 59.8 cM and 
64.8 cM and two on the right-hand side at 78.3 cM and 80.1 cM). The goal of the first round of 
selection was to identify the individuals that are either heterozygous at all four flanking marker 
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positions of the QTL or homozygous as recurrent parent alleles on either hand side of the two 
flanking marker positions. A total of 555 individual BC2 seed was selected from first round of 
selection. Only the selected individuals from the first round of selection step were considered for 
the second round of selection.  
The goal of the second round of selection was to parse the QTL region into smaller sub 
groups and also recover the maximum amount of recurrent parent genome. An average of 73 
polymorphic markers spanning across all 10 chromosomes were auto picked by computer 
software to be considered as the background markers. During the background selection step, the 
QTL region was parsed into 13 different smaller regions called as bulk group ‘a’ to ‘m’. For 
example, bulk group ‘a’ holds the individuals with a genetic profile of homozygous recurrent 
parent alleles from marker 1 to marker 7, heterozygous alleles at the marker 8th and 9th positions, 
and homozygous recurrent parent alleles at maximum number of background marker positions. 
The percentage recurrent parent genome recovered in the selected individuals ranged between 
61.27 and 90.87 across the bulk groups. On an average, 20 individual BC2 seed was selected per 
bulk group and all the non-selected seed was discarded from the lab. Table 3.5 provides the 
details of all the bulk groups made along with the percentage recurrent parent genome recovered.  
During the summer of 2017 at Tlajomulco summer breeding nursery, Mexico, all of the 
selected BC2 seed from every bulk group was grown in individual plots and backcrossed to the 
recurrent parent to generate the BC3 seed of 13 bulk groups. On an average, a representative 
sample of 1000 BC3 seed from every bulk group was sent to the lab for both the foreground and 
background selection by utilizing the proprietary seed chipping technology. The selection 
procedure followed during this stage is similar to the procedure followed during the BC2 stage. 
The genomic identity of the bulk groups was maintained during the selection process. The 
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percentage recurrent parent genome recovered in the selected individuals ranged between 86.55 
and 97.9 across the bulk groups. On an average, 20 individual BC3 seed was selected per bulk 
group and the remaining non-selected seed was discarded from the lab. Table 3.5 provides the 
details of all the bulk groups made along with the percent recurrent parent genome recovered.  
During 2017/2018 at Puerto Vallarta winter breeding nursery, Mexico, all of the selected 
BC3 seed from every bulk group was grown in individual plots and self-pollinated to generate the 
BC3F2 seed. Due to the time constraints in sending the seed to lab, all the seed of every BC3F2 
bulk group was planted in the field during summer of 2018 at Satartia breeding nursery. The leaf 
tissue of every BC3F2 plant of each bulk group was sent to the lab for zygosity testing. The goal 
of zygosity testing was to identify the individual plants that are homozygous across all of the 9 
marker positions in conjunction with the marker profile for a given bulk group. A total of 1056 
BC3F2 plants were tissue sampled across 13 different bulk groups and a total of 139 individuals 
were selected combining all bulk groups. There was no necessity to select for background 
markers in this step as the percentage of recurrent parent genome recovered in the background 
was already high enough at the end of BC3 selections. The selected individual plants were self-
pollinated to generate BC3F3 seed. Upon harvest of the ears, all the BC3F3 ears of a bulk group 
were combined together. 
During 2018/2019 at Hawaii winter nursery, a representative sample of 13 seed from 
every BC3F3 bulk group was grown in individual plots and self-pollinated to generate BC3F4 seed 
for field testing. Also, during the same season, a representative sample of 13 seed from every 
BC3F3 bulk group was grown in individual plots and test crossed with testers, FT1 and FT2, to 




Table 3.6 Bulk groups and the percentage recurrent parent genome in MonM x Mp715 crosses at BC2 and BC3 generations. 
Bulk group 

















 1 2 3 4 5 6 7 8 9  BC2 BC3 BC2 BC3 BC2 BC3 
 59.8 64.8 67.4 68.5 71.4 73.3 76 78.3 80.1        
A          73 20 20 77.6 95.54 85.98 97.90 
B          73 19 20 63.33 93.76 85.95 96.14 
C          73 20 20 62.52 86.55 83.45 92.60 
D          73 20 20 74.75 94.91 85.95 97.53 
E          73 20 20 79.04 94.60 90.87 97.35 
F          73 20 20 74.09 95.24 89.82 97.07 
G          73 20 20 75.22 94.59 85.67 96.56 
H          73 20 20 78.46 94.19 88.26 96.68 
I          73 20 20 76.53 92.83 83.75 95.21 
J          73 20 20 64.12 91.49 80.98 96.36 
K          73 20 20 61.27 94.11 83.76 95.69 
L          73 20 20 73.52 94.35 87.48 96.52 
M          73 20 20 69.08 91.13 82.77 94.39 
Genotypic classes: Yellow color = homozygous for MonM, Orange color = heterozygous 
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Field Conditions and experimental design  
Near isogenic lines for aflatoxin and secondary traits 
Near isogenic lines (NILs) of all four crossing populations along with their parental 
inbreds were planted in the summer of 2019 at Satartia, Mississippi; Scott, Mississippi; and 
Mississippi State, Mississippi. The experiments were planted on May 1 in Satartia and Scott, and 
on May 2 in Mississippi State. All experiments comprised an entry list of 58 near isogenic lines 
and their four inbred parents. The number of near isogenic lines were 13, 17, 15, and 13 from 
MonF x Mp313E, MonM x Mp313E, MonF x Mp715, and MonM x Mp715 crosses, 
respectively. All experiments were grown in a randomized complete block design with two 
replications at each location making a total of six data points available on every entry. The 
experimental unit consisted of a single entry planted in a 2.3 m row at 0.76 m row spacing. Each 
plot was maintained to consist 15 plants at the time of harvest.  
Testcrosses of near isogenic lines for aflatoxin and secondary traits 
Testcross hybrids of parental inbreds and their near isogenic lines from all four crossing 
populations were planted in the summer of 2019 at Satartia, Mississippi; Scott, Mississippi; and 
Mississippi State, Mississippi. The experiments were planted on April 22 in Scott, May 1 in 
Satartia, and on May 2 in Mississippi State. The entry list comprised of eight testcross hybrids of 
parental inbreds, and 114 testcross hybrids of their near isogenic lines. The eight testcross 
hybrids of parental inbreds were; MT1+MonF, MT2+MonF, MT1+Mp313E, MT1+Mp715, 
FT1+MonM, FT2+MonM, FT2+Mp313E, and FT2+Mp715. The four testcrosses, 
MT2+Mp313E, MT2+Mp715, FT1+Mp313E and FT1+Mp715, did not produce hybrid seed, and 
hence excluded from the entry list. The number of testcross hybrids from near isogenic lines 
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were 24, 34, 30, and 26 for MonF x Mp313E, MonM x Mp313E, MonF x Mp715, and MonM x 
Mp715 crosses, respectively. Near isogenic line A of MonF x Mp313E cross did not produce 
hybrid seed with either of the testers, and hence excluded from the entry list. The entries were 
grown in a randomized complete block design with two replications at each location making a 
total of six data points available on every entry. The experimental unit consisted of a single entry 
planted in a 2.3 m row at 0.76 m row spacing. Each plot was maintained to consist 15 plants at 
the time of harvest. 
Testcrosses of near isogenic lines for yield 
Testcross hybrids of parental inbreds and their near isogenic lines from all four crossing 
populations were planted in the summer of 2019 at Satartia, Mississippi; Scott, Mississippi; Start, 
Louisiana; Eudora, Arkansas; Indianola, Mississippi; and Moorhead, Mississippi. The 
experiments were planted on March 21 and April 24 in Satartia, April 2 in Scott, March 22 in 
Start, March 21 in Eudora, March 29 in Indianola and Moorhead. Experiments is Indianola and 
Moorhead were abandoned due to poor emergence because of heavy rains immediately after 
planting. The reason for two different planting dates in Satartia was because some entries in the 
first planting were washed away by the heavy rains and all the experiments were planted again 
on the neighboring field. The entry list comprised of eight testcross hybrids of parental inbreds, 
114 testcross hybrids of their near isogenic lines, and one commercial hybrid. The eight testcross 
hybrids of parental inbreds were; MT1+MonF, MT2+MonF, MT1+Mp313E, MT1+Mp715, 
FT1+MonM, FT2+MonM, FT2+Mp313E, and FT2+Mp715. The four testcrosses, 
MT2+Mp313E, MT2+Mp715, FT1+Mp313E and FT1+Mp715, did not produce hybrid seed and 
hence excluded from the entry list. The number of testcross hybrids from near isogenic lines 
were 24, 34, 30, and 26 for MonF x Mp313E, MonM x Mp313E, MonF x Mp715, and MonM x 
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Mp715 crosses, respectively. Near isogenic line A of MonF x Mp313E cross did not produce 
hybrid seed with either of the testers, and hence excluded from the entry list. The entries were 
grown in a randomized complete block design with two replications at each location except in 
Satartia where some entries were grown in 4 replications. Each experimental unit consisted of a 
single entry planted in a two-row plot with 5.33 x 0.76 m2 dimensions. However, only 4.92 x 
0.76 m2 area of each was harvested for yield data. Final stand counts on each plot were taken at 
the time of flowering and used in adjusting the yield data based on the plant populations. The 
yield trials were mechanically harvested by using field plot combine on August 15 and 18 in 
Satartia, August 17 in Start, August 20 in Eudora, and August 21 in Scott.  
Phenotyping 
Plants grown in experimental plots of both inbreds as well as the testcross hybrids grown 
for aflatoxin quantification were artificially inoculated with A.flavus fungal inoculum. However, 
experimental plots of testcross hybrids grown for yield data were not inoculated with fungal 
inoculum since those plots were harvested mechanically. Inoculum preparation and in-field 
inoculation of developing ears was followed by the side needle technique as explained in Zummo 
and Scott (1989) and Windham and Williams (2002). Aflatoxigenic A.flavus strain NRRL 3357 
(ATCC #200026) was used as the fungal inoculum. The fungal inoculum was propagated on 
sterile corn-cob grits (size 2040, Grit-O-Cobs, The Anderson Co., Maumee, OH) in 500 ml 
flasks by incubating at 28oc for 3 weeks. Each flask contains 50 g of grits and 100 ml of sterile 
distilled water. Conidia were washed from the grits through four layers of cheesecloth by using 
500 ml sterile distilled water containing 20 drops liter-1 of Tween 20 (Atlas Chemical Industry, 
Inc., London, UK). Conidial concentrations were calculated using a hemocytometer and adjusted 
to have 9x107 conidia ml-1 by adding sterile distilled water.  
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The top ear of each plant in a given plot was inoculated with the A.flavus conidial 
suspension 13 days after mid-silk (emerged silks on 50 percent of the plants in a plot). A 3.4 -ml 
suspension containing 3x108 conidia was injected through the husk roughly at one third of the 
ear from its base. An Idico tree marking gun (Idico Products Co., New York, NY) fitted with a 
35 mm 14-gauge needle was used for the inoculations. All the inoculated ears of any given plot 
were hand harvested at kernel maturity, usually 63 days after inoculation, dried at 38oc until the 
moisture percentage reached between 13 and 15%. All the ears of any given plot were machine 
shelled and grain was mixed by pouring through a sample splitter twice. The grain sample was 
then ground by using a Romer subsampling mil (Romer industries Inc., Union, MO) and a 50 g 
sample of ground grain was used for analysis. Aflatoxin concentration was determined by 
following the USDA test protocol (USDA, 2002) in a VICAM AflaTest (VICAM, Watertown, 
MA). This test isolates the aflatoxins (B1, B2, G1, and G2) by fluorometric detection via 
immunoaffinity chromatography and quantifies concentrations as low as 1.0 ng g-1 in grain 
samples. Aflatoxin concentration data was transformed by using ln(y+1) to equalize the 
variances and normalize the distribution. Both the log-transformed means and geometric means 
of the aflatoxin content were presented in the results and discussion section. 
The secondary agronomic traits included in this study were: plant and ear heights, S50 
(growing degree day units required for 50 percent of plants in a plot to produce silks), P50 
(growing degree day units required for 50 percent of plants in a plot to shed pollen), anthesis 
silking interval, tassel size rating, husk coverage rating, and yield. Data on secondary agronomic 
traits except yield was collected from the plots that were used in field inoculations. Yield trial 
plots were used only for the collection of yield data. Data on tassel size ratings was collected 
only on the parental inbreds and their near isogenic lines.  
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After anthesis, plant and ear height measurements were collected on four random plants 
from every plot. Plant and ear heights averaged per plot were used in the statistical analysis. 
Plant height (PHT) was measured as the height from the base of the plant on the soil surface to 
the node of the flag leaf. Ear height (EHT) was measured as the height from the base of the plant 
on the soil surface to the node of ear shank attachment. Flowering data was collected on both the 
number of days from planting until 50% of the plants in a plot have silks exposed, and the 
number of days from planting until 50% of the plants in a plot have begun to shed pollen. The 
flowering data was converted into GDUs by using the equation 3.1 where, T max is the daily 
maximum air temperature, T min is the daily minimum air temperature, and Tb is the constant 










Anthesis silking interval (ASI) was calculated by subtracting the P50 values from S50 
values and reported in growing degree day units. Tassel size ratings (TSZ) on plot basis were 
collected at 5 days after anthesis following the rating system used in Bayer company. Their 
rating system of 1 to 9 considers the number of branches in a tassel as the primary factor where 1 
= eight or more than eight branches, 2 = seven branches, 3 = six branches, 4 = five branches, 5 = 
four branches, 6 = three branches, 7 = two branches, 8 = one branch, and 9 = no branch. Husk 
coverage of the ear tip (HSC) ratings on plot basis were collected at 10 to 14 days after silking 
following the rating system explained by Rector et al. (2002). Their rating system of 1 to 5 
considered the exposure of kernels as the primary factor where 1 = exposed kernels, 2 = open 
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end but no kernels exposed (i.e., only silks covering ear tip), 3 = tip covered by husks, 4 = silk 
channel present, and 5 = long silk channel present.  
Yield (YLD) in metric tons per hectare was calculated by using the equation 3.2 where,  
MST is the percentage moisture at the time of harvest, SHW is the shell weight in pounds per 
plot at the time of harvest, HVPOP is the harvest population in plants per acre, and FNSC is the 
final stand count in plants per plot. 
 
 











Near isogenic lines 
Natural log-transformed aflatoxin content was considered as the primary response 
variable of this study. Since the experiment was conducted in three locations, a likelihood ratio 
test (LRT) was performed using the PROC GLIMMIX procedure in SAS to test whether the 
error variances were equal among locations. If the error variances were equal, all further analysis 
would be based on the simpler model with a common error variance across locations.  
For the natural log-transformed aflatoxin and other secondary agronomic traits, analysis 
of variance (ANOVA) across environments was conducted on plot level data for all entries at 
α=0.05 level of significance using the SAS PROC MIXED procedure in version 9.4 (SAS 
Institute, Cary, NC). Environment, replications within locations, and environment x genotype 
interaction were all treated as random factors while the natural log-transformed aflatoxin data 
and secondary agronomic traits were considered as response variables. Near isogenic lines and 
their respective donor and recurrent parents were considered as fixed factors in the model. 
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Phenotypic correlations and their significance between the primary trait, natural log-transformed 
aflatoxin content, and the secondary traits were calculated and reported as Pearson’s correlation 
coefficient. 
Testcrosses of near isogenic lines 
Natural log-transformed aflatoxin content was considered as the primary response 
variable of this study. Since the experiment was conducted in three locations, a likelihood ratio 
test (LRT) was performed using the PROC GLIMMIX procedure in SAS to test whether the 
error variances were equal among locations. If the error variances were equal, all further analysis 
would be based on the simpler model with a common error variance across locations.  
For the natural log-transformed aflatoxin and other secondary agronomic traits including 
yield, analysis of variance (ANOVA) across environments was conducted on plot level data for 
all entries at α=0.05 level of significance using the SAS PROC GLIMMIX procedure in version 
9.4 (SAS Institute, Cary, NC). Environment, replication within environment, and environment x 
genotype interaction were all treated as random factors while the natural log-transformed 
aflatoxin data and secondary agronomic traits including yield were considered as response 
variables. Test crosses of near isogenic lines as well as donor and recurrent parents were 
considered as fixed factors in the model. Phenotypic correlations and their significance between 
the primary trait, natural log-transformed aflatoxin content, and the secondary agronomic traits 




RESULTS AND DISCUSSION: NEAR ISOGENIC LINES 
Summary Statistics 
Aflatoxin accumulation 
Since the experiment was conducted in three locations, a likelihood ratio test (LRT) was 
performed using the PROC GLIMMIX procedure in SAS to test whether the error variances for 
log-transformed aflatoxin accumulation were equal among locations, and it was concluded that 
the error variance was not significantly different between locations (Table 4.1). Hence all further 
analysis was based on the simpler model with a common error variance across locations.  
For the statistical analysis, the inbreds were divided into two groups; the parental group 
and the near isogenic line group (NIL group). The parental group included the donor parents 
(DP), Mp313E and Mp715; and the recurrent parents (RP), MonF and MonM. The near isogenic 
line group included 58 near isogenic lines created by the marker assisted introgression of 
aflatoxin accumulation resistant QTLs, 2.04 and 5.03, between the donor and recurrent parents. 
The number of near isogenic lines were 13, 17, 15, and 13 from MonF x Mp313E, MonM x 
Mp313E, MonF x Mp715, and MonM x Mp715 crosses, respectively. 
 There was a significant difference between the parental group and the NIL group (p = 
<0.0001, Table 4.2). Within the parental group, there were significant differences between the 
parental inbreds (p = <0.0001, Table 4.2). Both recurrent parents were highly susceptible to 
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aflatoxin accumulation compared to each of the donor parents; however, there were no 
significant differences between donor parents nor between recurrent parents (Table 4.3).  
Within the NIL group, there was a significant interaction between recurrent and donor 
parents (p = <0.0001, Table 4.2). When the recurrent parent was MonF, the Mp313E NILs 
accumulated significantly less aflatoxin than the Mp715 NILs on average (-0.5353 ± 0.1540, p = 
0.0007) but the response was opposite when MonM was the recurrent parent (0.3821 ± 0.1480, p 
= 0.0111) (Table 4.4). When the donor parent was Mp313E, the MonF NILs accumulated 
significantly less aflatoxin than the MonM NILs on average (-1.0261 ± 0.1476, p = <0.0001), but 
there was no significant difference between recurrent parent NILs when the donor parent was 
Mp715 (-0.1087 ± 0.1543, p = 0.4827) (Table 4.4). Within each of the RP x DP combinations, 
the average difference between the NILs was not significant at α = 0.05, but the probabilities 
ranged from a low of 0.0757 in MonF x Mp715 NILs to a high of 0.5110 in MonM x Mp715 
NILs (Table 4.2). Even though the average differences between NILs were not significant within 
a RP x DP combination, further comparisons between NILs of a RP x DP combination and 
comparisons between NILs and their RP and DP would help to identify any marker profiles that 





Table 4.1 Likelihood ratio test for model selection in the aflatoxin accumulation evaluations. 
Model -2 RLL LRT DF p value 
Unequal error variances 785.48    
Common error variance 785.58 0.10 2 0.9525 
-2 RLL = -2 residual log likelihood; LRT = likelihood ratio test statistic; DF = degrees of freedom. 
Table 4.2 Analysis of variance for fixed effects of log-transformed aflatoxin content. 
Source of variation Num DF Den DF F Value Pr > F 
Between parental and NIL groups 1 116 39.38 <.0001* 
Within Parental group     
Parental inbreds 3 116 33.86 <.0001* 
Within NIL group     
RP 1 112 28.34 <.0001* 
DP 1 112 0.5 0.4798 
RP x DP 1 112 18.46 <.0001* 
NIL (RP x DP)     
MonF x Mp313E 12 110 1.36 0.1985 
MonM x Mp313E 16 114 1.15 0.3220 
MonF x Mp715 14 112 1.65 0.0757 
MonM x Mp715 12 111 0.94 0.5110 
NIL = Near isogenic line; RP = Recurrent parent; DP = Donor parent; *Significant at α=0.05; Num DF = Numerator degrees of 
freedom; Den DF = Denominator degrees of freedom. 
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Table 4.3 Comparison of natural log-transformed aflatoxin estimates between parental inbreds. 
Comparison Estimate SE DF t value Pr>ItI 
Parent 1 Parent 2      
MonF MonM 0.0056 0.5757 117 0.01 0.9923 
Mp313E Mp715 -0.7158 0.6405 115 -1.12 0.2661 
MonF Mp313E 4.5934 0.5757 117 7.98 <0.0001* 
MonF Mp715 3.8777 0.6254 107 6.2 <0.0001* 
MonM Mp313E 4.5878 0.5921 127 7.75 <0.0001* 
MonM Mp715 3.8721 0.6405 115 6.05 <0.0001* 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05; Estimate is the difference in 
the natural log-transformed aflatoxin content between parents 1 and 2 expressed as ‘parent 1 estimate minus parent 2 estimate’.  
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Table 4.4 Comparison of natural log-transformed aflatoxin estimates between NIL groups. 
Comparison Estimate SE DF t value Pr>ItI 
Group 1 Group 2      
RP DP RP DP      
MonF Mp313E MonF Mp715 -0.5353 0.1540 111 -3.48 0.0007* 
MonM Mp313E MonM Mp715 0.3821 0.1480 113 2.58 0.0111* 
MonF Mp313E MonM Mp313E -1.0261 0.1476 112 -6.95 <0.0001* 
MonF Mp715 MonM Mp715 -0.1087 0.1543 112 -0.70 0.4827 
SE = Standard error of the difference between means; DF = Degrees of freedom; RP = Recurrent parent; DP = Donor parent; 
*Significant at α=0.05; Estimate is the difference in the natural log-transformed aflatoxin content between groups 1 and 2 expressed as 
‘group 1 estimate minus group 2 estimate’. 
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Secondary agronomic traits 
Data analysis on the secondary agronomic traits of inbreds was conducted by using 
PROC MIXED procedures in SAS version 9.4 (SAS Institute, Cary, NC). The secondary 
agronomic traits were plant and ear heights (PHT and EHT) in centimeters, S50 (growing degree 
day units required for 50 percent of plants in a plot to silk), P50 (growing degree day units 
required for 50 percent of plants in a plot to shed pollen), ASI (anthesis silking interval in 
growing degree day units calculated by the subtraction of P50 from S50), tassel size rating (TSZ) 
on a rating scale of 1 to 9, and husk coverage rating (HSC) on a rating scale of 1 to 5. Genotypes 
including both parental inbreds and their near isogenic lines were considered as fixed effects to 
generate their best linear unbiased estimators (BLUEs). Locations, replication within locations, 
and genotype x location interaction were all treated as random factors.  
Phenotypic correlations and their significance between the primary trait, natural log-
transformed aflatoxin content, and the secondary traits were calculated and reported as Pearson’s 
correlation coefficients (r). There were significant negative correlations between primary trait, 
natural log-transformed aflatoxin content, and four out of seven secondary agronomic traits. The 
correlation coefficient values were -0.380, -0.408, -0.336, and -0.393 for plant height, ear height, 
S50, and P50 traits, respectively. Anthesis silking intervals, tassel size ratings, and husk coverage 
ratings were not correlated with natural log-transformed aflatoxin content. Plant height was also 
negatively correlated with S50 (r = -0.168) and P50 (r = -0.113) values, but the ear height was 
not significantly correlated with the flowering traits (Table 4.5).  
The tassel size rating system followed in this study considered the number of branches in 
a tassel as the primary factor on a scale of 1 to 9 where 1 = eight or more branches, 2 = seven 
branches, 3 = six branches, 4 = five branches, 5 = four branches, 6 = three branches, 7 = two 
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branches, 8 = one branch, and 9 = no branch. In Simple terms, higher the tassel size rating, worse 
the tassel size and branching. Bigger and highly branched tassel is a desired agronomic trait as it 
is directly proportional to the amount of pollen produced by a plant and there by the success of 
seed setting in any commercial hybrid seed production operation. Hence, inbreds with big and 
branched tassels are considered as males, whereas inbreds with small and fewer branches are 
considered as females in an isolated crossing block. The husk coverage rating system followed in 
this study considered the exposure of kernels as the primary factor on a scale of 1 to 5 where 1 = 
exposed kernels, 2 = open end but no kernels exposed (i.e., only silks covering ear tip), 3 = tip 
covered by husks, 4 = silk channel present, and 5 = long silk channel present. In simple terms, 
higher the husk coverage rating, longer and tighter the husks along with silk channel. Even 
though husk coverage ratings of 4 and 5 are better in the U.S. Southeast, they delay the field 
drying of ears in midwestern United States during colder months and hence are not desired. 
For the statistical analysis, the inbreds were divided into two groups as mentioned in the 
‘aflatoxin accumulation’ section above (page 43); There were significant differences in all 
secondary traits between parental group and the NIL group as well as between the parental 
inbreds within the parental group (Table 4.6). Among the donor parents, Mp313E (207.75 ± 
18.76 cm) was significantly taller than Mp715 (164.19 ± 19 cm); however, their ear placement 
(116 ± 9.27 cm and 115.82 ± 9.44 cm for Mp313E and Mp715, respectively) was similar. While 
growing in the field, both the donor parents were abnormally taller than both recurrent parents 
and their near isogenic lines, hence propping stakes were used to prevent them from lodging. 
Their ear placement was also very high and undesired by farmers for mechanical harvesting. The 
donor parent Mp313E required significantly fewer GDUs for silking and pollen shed (2128.74 ± 
62.94 and 2046.28 ± 52.66 GDUs, respectively) compared to its counterpart, Mp715 (2309.38 ± 
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66.44 and 2193.51 ± 55.12 GDUs, respectively). The flowering traits of both the donor parents 
are highly undesirable as parents in a commercial breeding program. Since the pollen shed was 
always earlier than silking in both the donor parents, seed setting was poor for the purpose of 
aflatoxin quantification. In addition, at the initiation of this project, the F1 seed production of all 
four recurrent x donor parent crosses was delayed because of the differences in flowering time 
between donor and recurrent parents.  
Although the donor parents differed significantly from each other in their S50 and P50 
values, their anthesis silking interval was not significantly different (81.90 ± 21.19 and 115.44 ± 
23.56 GDUs for Mp313E and Mp715, respectively). Anthesis silking interval, calculated as the 
difference in GDUs between silking and pollen shed, is a particularly important agronomic trait 
as it determines the success of pollination and seed setting in both inbred and hybrid seed 
production, especially under water stressed conditions (Bolanos and Edmeades, 1996). Larger 
ASI values mean that there is less overlap in the timing of silking and pollen shed which leads to 
poor seed set. Both the donor parents had comparatively wider ASI values equal to 
approximately 6 days in Mississippi summers. The tassel size ratings (1.12 ± 0.53, and 1.24 ± 
0.57 for Mp313E, and Mp715, respectively) as well as husk coverage ratings (4.99 ± 0.19, and 
4.97 ± 0.22 for Mp313E, and Mp715, respectively) of both donor parents were remarkably 
similar. Both the donor parents possessed significantly bigger tassels than the recurrent parents 
with more than seven branches. Their tassel size ratings are highly desirable in a commercial 
inbred, particularly as a male parent. Both the donor parents also possessed very tight husks with 
long silk channels covering the ear tips. Their husk coverage ratings are also desirable to have in 
a commercial inbred, but the emphasis would be more on tassel size ratings (Table 4.7).  
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Among the recurrent parents, there were no significant differences for plant and ear 
height, S50 and P50, and anthesis silking interval traits. Their plant and ear heights were 
considered to be ‘medium statured’ and ideal for parents of a commercial breeding program. 
Their anthesis silking interval was very narrow which almost coincided the timing of silking with 
pollen shed. However, MonF had significantly fewer tassel branches and higher tassel size rating 
(6.50 ± 0.50) compared to MonM (3.52 ± 0.53). According to the tassel size rating mentioned 
above, tassels of MonF usually consisted of three to four branches whereas tassels of MonM 
consisted five to six branches. The tassel size rating of MonM satisfied the criteria of having 
bigger and branched tassel to include in male heterotic group. The husk coverage rating, an 
indicator of kernel and ear tip coverage with husk, was significantly lower in MonF (3.83 ± 0.18) 
compared to MonM (4.99 ± 0.19). Ears of MonM had a long silk channel, and even though ears 
of MonF also had a silk channel it was comparatively shorter. Usually, hybrids with loose husk 
and open ear tips are preferred by midwestern farmers as they enable quicker drying of ears for 
harvest during colder months. However, in the Southeastern United States, having tighter husks 
is not a negative trait and may decrease insect feeding and aflatoxin accumulation (Table 4.7). 
Both the recurrent parents were significantly shorter in terms of plant and ear height 
compared to each of the donor parents. They also both required significantly fewer growing 
degree day units for silking and pollen shed compared to each of the donor parents. The anthesis 
silking intervals of both recurrent parents were significantly narrower compared to both donor 
parents. The tassel size ratings of both recurrent parents were significantly higher than both 
donor parents explaining that the tassels of both recurrent parents were less branched. The husk 
coverage ratings of MonF were significantly lower compared to both donor parents, whereas 
MonM had remarkably similar ratings as both donor parents (Table 4.7).  
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Within the NIL group, there was a significant interaction between recurrent and donor 
parents for ear height, S50, anthesis silking interval, and husk coverage traits (Table 4.6). The 
Mp313E NILs were significantly shorter than the Mp715 NILs for both plant and ear heights 
when the recurrent parent was MonM, but the differences were not significant when the recurrent 
parent was MonF. Silking (S50) and pollen shedding (P50) traits were not significantly different 
between Mp313E NILs and Mp715 NILs irrespective of the recurrent parent. The Mp715 NILs 
nicked significantly better than Mp313E NILs when the recurrent parent was MonM, but the 
differences were nonsignificant with recurrent parent MonF. Tassel size ratings between 
Mp313E NILs and Mp715 NILs were not significantly different irrespective of the recurrent 
parent. Husk coverage ratings of Mp313E NILs were significantly higher than Mp715 NILs 
irrespective of recurrent parent, which means Mp313E NILs had tighter and longer husks 
compared to Mp715 NILs (Table 4.8). 
The MonF NILs were significantly taller than MonM NILs irrespective of the donor 
parent. The ear height of MonF NILs was significantly lower than MonM NILs when the donor 
parent was Mp715, but the ear placement was not significantly different when the donor parent 
was Mp313E. Silking time was not significantly different between MonF NILs and MonM NILs 
irrespective of donor parent. Pollen shed was delayed in MonF NILs compared to MonM NILs 
when the donor parent was Mp715, but the delay was not significant when the donor parent was 
Mp313E. Anthesis silking interval, an indicator of successful seed setting, was significantly 
narrower in MonF NILs compared to MonM NILs irrespective of the donor parent. Tassel size 
rating, an indicator of tassel branching, was significantly higher in MonF NILs than MonM NILs 
irrespective of the donor parent, which means MonF NILs were less branched than MonM NILs 
irrespective of donor parent. Husk coverage ratings were significantly lower in MonF NILs than 
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MonM NILs irrespective of the donor parent, which means MonM NILs had long and tight husks 
than MonF NILs irrespective of the donor parent (Table 4.8). 
Since aflatoxin accumulation resistance was the primary response variable in this project, 
statistical significance of the average differences between the NILs within a RP x DP 
combination was ignored (Table 4.2) and hence all their multiple comparisons were included in 
the results and discussion (Table 4.11, 4.24, 4.37, and 4.51). However, considering the smaller 
influence of QTLs 2.04 and 5.03 on the secondary traits in this project, results of the multiple 
comparisons between NILs are not presented if the F-test of a specific secondary trait from a 
given RP x DP combination was not significant (Table 4.6). Within each of the RP x DP 
combinations, the average difference between the NILs was not significant for the majority of 
the secondary agronomic traits. For example, the F-test for average differences in plant height 
between the NILs within a RP x DP combination was significant only in the MonM x Mp313E 
cross (p = 0.0187, Table 4.6), thereby multiple comparisons of only the MonM x Mp313E NILs 
were presented in the results.  
Overall, out of the seven secondary agronomic traits considered in this project, donor 
parents possessed two positive and five negative traits whereas the recurrent parents possessed 
five positive and two negative traits. Both the recurrent parents had exceptionally good 
secondary agronomic traits compared to donor parents except the tassel size and somewhat poor 
husk coverage ratings in MonF. This project is also not to be considered a success if achieving 
resistance to aflatoxin accumulation is done at the cost of performance of secondary traits. For 
any near isogenic line to be considered successful in this study, it must be remarkably similar to 
the recurrent parent for a majority of the secondary traits, and at the same time should 
significantly improve its resistance to aflatoxin accumulation compared to its respective 
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recurrent parent. Since there were at least two NILs from three out of four RP x DP combinations 
that improved their resistance to aflatoxin accumulation compared to their respective recurrent 
parents, declaring them successful now must emphasize the performance of their secondary 
agronomic traits. Near isogenic lines A and F of the MonF x Mp313E cross, NILs E and H of 
MonF x Mp715 cross, and NILs L and M of MonM x Mp715 cross were the most improved 
NILs from their respective RP x DP combination from the standpoint of aflatoxin accumulation 
resistance. Even though NILs H and L of the MonM x Mp313E cross were not significantly 
different from their recurrent parent, MonM, in terms of their aflatoxin accumulation; they were 
the most improved NILs, and hence the results of their secondary traits were given importance in 
the results and discussion. 
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Table 4.5 Phenotypic correlations for traits measured across three locations. 
Trait ln_afl PHT EHT S50 P50 ASI TSZ HSC 
 Pearson’s correlation coefficient, r 
ln_afl 1.000 -0.380* -0.408* -0.336* -0.393* -0.008 0.076 0.033 
PHT -0.380* 1.000 0.895 -0.168* -0.113* -0.214* -0.325* -0.096 
EHT -0.408* 0.895* 1.000 0.030 0.061 -0.063 -0.530* 0.111* 
S50 -0.336* -0.168* 0.030 1.000 0.947* 0.589* -0.014 0.149* 
P50 -0.393* -0.113* 0.061 0.947* 1.000 0.300* 0.040 0.086 
ASI -0.008 -0.214* -0.063 0.589* 0.300* 1.000 -0.144* 0.227* 
TSZ 0.076 -0.325* -0.530* -0.014 0.040 -0.144* 1.000 -0.435* 
HSC 0.033 -0.096 0.111* 0.149* 0.086 0.227* -0.435* 1.000 
*Significant at the 0.05 probability level; ln_afl = Natural log-transformed aflatoxin, PHT and EHT = Plant and ear height, 
respectively; S50 and P50 = Growing degree day units required for 50 percent of plants in a plot to silk and shed pollen, respectively; 
ASI = Anthesis silking interval; TSZ = Tassel size rating; HSC = Husk coverage rating.  
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Table 4.6 Analysis of variance for fixed effects of plant and ear heights, S50 and P50, ASI, TSZ, and HSC measured in parental 
inbreds and their near isogenic lines. 
Source of variation 
Num 
DF 






















Between parental and NIL 
groups 
1 123.39 <0.0001* 355.22 <0.0001* 139.58 <0.0001* 192.94 <0.0001* 5.14 0.0253* 30.54 <0.0001* 5.92 0.0156* 
Within Parental group                
Parental inbreds 3 59.86 <0.0001* 138.19 <0.0001* 91.54 <0.0001* 115.77 <0.0001* 6.75 0.0003* 36.59 <0.0001* 10.33 <0.0001* 
Within NIL group                
RP 1 57.41 <0.0001* 15.26 0.0002* 0.03 0.8677 15.25 0.0002* 32.48 <0.0001* 396.86 <0.0001* 394.57 <0.0001* 
DP 1 9.97 0.0020* 7.97 0.0056* 0.00 0.9558 0.34 0.5627 1.00 0.3203 0.18 0.6693 26.48 <0.0001* 
RP x DP 1 3.75 0.0555 4.78 0.0308* 5.10 0.0259* 1.74 0.1897 6.15 0.0147* 2.05 0.1531 5.73 0.0173* 
NIL (RP x DP)                
MonF x Mp313E 12 1.73 0.0699 1.59 0.1045 1.52 0.1271 1.19 0.3006 1.50 0.1358 4.54 <0.0001* 3.24 0.0002* 
MonM x 
Mp313E 
16 2.00 0.0187* 1.64 0.0696 1.05 0.4136 1.34 0.1835 0.60 0.8772 2.38 0.0024* 0.05 1.0000 
MonF x Mp715 14 0.93 0.5280 2.47 0.0045* 1.86 0.0384* 1.76 0.0528 1.61 0.0886 1.69 0.0563 3.55 <0.0001* 
MonM x Mp715 12 1.67 0.0839 1.55 0.1158 3.26 0.0005* 3.75 <0.0001* 0.99 0.4607 1.59 0.0944 2.14 0.0148* 
NIL = Near isogenic line; RP = Recurrent parent; DP = Donor parent; *Significant at α=0.05; Num DF = Numerator degrees of 
freedom; PHT and EHT = Plant and ear heights, respectively; S50 and P50 = Growing degree day units required for 50 percent of 
plants in a plot to produce silks and shed pollen, respectively, ASI = Anthesis silking interval; TSZ = Tassel size ratings; HSC = Husk 
coverage ratings.  
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Table 4.7 Comparison of secondary agronomic trait estimates between parental inbreds. 
Comparison PHT (cm) EHT (cm) S50 (GDU) P50 (GDU) 
Parent 1 Parent 2 Estimate ± SE t value Pr>ItI Estimate t value Pr>ItI Estimate t value Pr>ItI Estimate t value Pr>ItI 
Mp313E Mp715 43.57 ± 8.34 5.23 <0.0001* 0.18 ± 4.94 0.04 0.9715 -180.65 ± 61.24 -2.95 0.0039* -147.22 ± 47.08 -3.13 0.0022* 
MonF MonM 9.20 ± 7.51 1.23 0.2225 -6.28 ± 4.45 -1.41 0.1608 -41.61 ± 55.22 -0.75 0.4527 -23.28 ± 42.46 -0.55 0.5844 
MonF Mp313E -83.08 ± 7.51 -11.07 <0.0001* -70.07 ± 4.45 -15.75 <0.0001* -607.57 ± 55.22 -11.00 <0.0001* -524.78 ± 42.46 -12.36 <0.0001* 
MonF Mp715 -39.52 ± 8.09 -4.88 <0.0001* -69.89 ± 4.78 -14.62 <0.0001* -788.22 ± 59.18 -13.32 <0.0001* -672.01 ± 45.47 -14.78 <0.0001* 
MonM Mp313E -92.28 ± 7.77 -11.88 <0.0001* -63.79 ± 4.61 -13.83 <0.0001* -565.96 ± 57.42 -9.86 <0.0001* -501.50 ± 44.18 -11.35 <0.0001* 
MonM Mp715 -48.72 ± 8.34 -5.85 <0.0001* -63.62 ± 4.94 -12.89 <0.0001* -746.61 ± 61.24 -12.19 <0.0001* -648.72 ± 47.08 -13.78 <0.0001* 
 
 
Table 4.7 (continued) 
Comparison ASI (GDU) TSZ HSC 
Parent 1 Parent 2 Estimate ± SE t value Pr>ItI Estimate t value Pr>ItI Estimate t value Pr>ItI 
Mp313E Mp715 -33.54 ± 30.66 -1.09 0.2763 -0.12 ± 0.65 -0.19 0.8506 0.02 ± 0.28 0.07 0.9457 
MonF MonM -18.87 ± 27.67 -0.68 0.4967 2.98 ± 0.58 5.10 <0.0001* -1.15 ± 0.26 -4.51 <0.0001* 
MonF Mp313E -82.24 ± 27.67 -2.97 0.0036* 5.38 ± 0.58 9.21 <0.0001* -1.15 ± 0.26 -4.51 <0.0001* 
MonF Mp715 -115.78 ± 29.52 -3.92 0.0002* 5.26 ± 0.62 8.43 <0.0001* -1.13 ± 0.27 -4.15 <0.0001* 
MonM Mp313E -63.37 ± 28.87 -2.20 0.0300* 2.40 ± 0.61 3.93 0.0001* 0.00 ± 0.27 0.00 1.0000 
MonM Mp715 -96.91 ± 30.66 -3.16 0.0020* 2.28 ± 0.65 3.52 0.0005* 0.02 ± 0.28 0.07 0.9457 
SE = Standard error of the difference between means; *Significant at α=0.05; Estimate is the difference between parents 1 and 2 
expressed as ‘parent 1 estimate minus parent 2 estimate’; PHT and EHT = Plant and ear heights, respectively; S50 and P50 = Growing 
degree day units required for 50 percent of plants in a plot to produce silks and shed pollen, respectively, ASI = Anthesis silking 
interval; TSZ = Tassel size ratings; HSC = Husk coverage ratings.  
 
58 
Table 4.8 Comparison of secondary agronomic trait estimates between NIL groups. 
Comparison PHT (cm) EHT (cm) S50 (GDUs) P50 (GDUs) 
Group 1 Group 2     










Pr>ItI Estimate ± SE 
t 
value 











MonM Mp313E MonM Mp715 -7.06 ± 1.92 -3.67 0.0004* -4.11 ± 1.14 -3.61 0.0005* 23.50 ± 14.12 1.66 0.0988 5.76 ± 10.85 0.53 0.5968 
MonF Mp313E MonM Mp313E 13.18 ± 1.92 6.88 <0.0001* -1.41 ± 1.13 -1.25 0.2154 
-21.24 ± 
14.06 
-1.51 0.1339 20.22 ± 10.81 1.87 0.0640 
MonF Mp715 MonM Mp715 7.82 ± 2.00 3.90 0.0002* -5.00 ± 1.19 -4.22 <0.0001* 24.71 ± 14.70 1.68 0.0954 40.85 ± 11.30 3.62 0.0004* 
 
 
Table 4.8 (continued) 
Comparison ASI (GDUs) TSZ HSC 
Group 1 Group 2    
RP DP RP DP Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
MonF Mp313E MonF Mp715 -7.56 ± 7.32 -1.03 0.3046 -0.20 ± 0.15 -1.29 0.1969 0.35 ± 0.07 5.24 <0.0001* 
MonM Mp313E MonM Mp715 17.67 ± 7.06 2.50 0.0138* 0.11 ± 0.15 0.72 0.4710 0.13 ± 0.07 1.99 0.0480* 
MonF Mp313E MonM Mp313E -41.55 ± 7.03 -5.91 <0.0001* 1.99 ± 0.15 13.37 <0.0001* -0.82 ± 0.06 -12.63 <0.0001* 
MonF Mp715 MonM Mp715 -16.33 ± 7.35 -2.22 0.0283* 2.29 ± 0.16 14.78 <0.0001* -1.05 ± 0.07 -15.40 <0.0001* 
SE = Standard error of the difference between means; RP = Recurrent parent; DP = Donor parent; DF = Degrees of freedom; 
*Significant at α=0.05; Estimate is the difference between groups 1 and 2 expressed as ‘group 1 estimate minus group 2 estimate’; 
PHT and EHT = Plant and ear heights, respectively; S50 and P50 = Growing degree day units required for 50 percent of plants in a 




MonF x Mp313E near isogenic lines 
Aflatoxin accumulation 
When compared to their donor parent, Mp313E (3.3491 ±0.4307), all near isogenic lines 
(NILs) accumulated significantly high aflatoxin content (Table 4.9). This was not a surprise 
given the quantitative nature of the trait and the number of quantitative trait loci (QTLs) already 
identified that contribute to Mp313E resistance, and the fact that only one was introgressed into 
the NIL via marker assisted selection. Willcox et al. (2013) reported of twenty significant QTL 
in the Mp313E x Va35 mapping population on chromosomes 1, 2, 3, 4, 5, and 8 with a combined 
phenotypic variation ranging between 22 and 43 percent in different years and averaged over 
years. Only five of those 20 QTLs were also found to be in the same locations as reported by 
Brooks et al. (2005) in the Mp31E x B73 mapping population. This suggests that a strong QTL 
by background component, especially among the QTL of smaller contribution; more variation 
not accounted by the identified QTL; and relatively high experimental error (or a combination of 
the three factors). Hence, even smaller improvements in the aflatoxin accumulation resistance in 
this study should be considered as the first step towards the goal of achieving improved 
resistance. Also, the resistant NILs compared to recurrent parent, MonF, identified in this study 
could be used as recurrent parents in future studies to introgress multiple QTLs from not only 
Mp313E but also other resistant donor parents.  
All near isogenic lines had reduced aflatoxin in comparison to MonF (7.9425 ± 0.4069), 
and the percentage reduction in aflatoxin accumulation ranged from 2.71 (NIL D) to 24.89 (NIL 
A) (Table 4.10). Compared to MonF, 9 out of 13 near isogenic lines of the MonF x Mp313E 
cross significantly improved resistance to aflatoxin accumulation. The nine NILs that improved 
resistance were A, B, E, F, G, I, J, K, and M (Table 4.10). The near isogenic line ‘C’ was also on 
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the verge of becoming statistically significant (p = 0.0556) compared to MonF. The marker 
profiles representing these nine NILs overlapped each other by covering all the 10 polymorphic 
marker positions making it more difficult to attribute the resistance to a specific marker position. 
By conventional wisdom, adding more donor parent alleles in the QTL region should increase 
the resistance to aflatoxin accumulation, but the results in this cross are quite the opposite. 
Interestingly enough, NIL A, which accumulated the least aflatoxin, had the fewest donor parent 
alleles in its marker profile, while NIL D, with the most aflatoxin, had greater number of donor 
parent alleles in its marker profile. Both NILs A and G with the fewest donor parent alleles on 
opposite borders of the QTL region had significantly less aflatoxin than MonF. The non-
significant reduction in aflatoxin accumulation in NIL L compared to NIL M suggests that 
markers 8, 9, and 10 were necessary for the resistance to be observed, but the increased 
resistance in NIL K with the loss of donor parent allele at marker 7 call into question whether the 
markers were solely responsible for resistance. Near isogenic lines K and B had the opposite 
genotypes of the QTL region, but their resistance to aflatoxin accumulation was remarkably 
similar adding further confusion to the results.  
Some of the inconsistencies in aflatoxin accumulation could be explained by how the 
background selection was performed in this experiment and the heterotic similarities between 
MonF and Mp313E. Based on finger printing data, the genetic similarity between MonF and 
Mp313E was 53.1 percent out of 34904 common markers. As mentioned in the materials and 
methods section, only 66 polymorphic markers were used in the background selection of this 
project which could result in some donor parent genome left out in the non-QTL regions, and 
some of which might even represent an already identified aflatoxin accumulation resistant 
quantitative trait loci. This residual genomic contribution of Mp313E in non-QTL regions may 
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result in increased resistance in some near isogenic lines as non-QTL regions themselves might 
be representing different aflatoxin accumulation resistant QTLs, and sometimes make the plant 
vigorous to resist the A. flavus infection by exploiting the hybrid vigor. However, the percentage 
genetic similarity of NIL A and F with MonF was remarkably high based on the fingerprinting 
data (Table 3.1) adding confidence on the effectiveness of the background selection and the 
observed resistance was indeed because of the introgressed QTL. Another key point to consider 
was about the size of the introgressed quantitative trait loci. The size of the QTL 2.04 was 
comparatively large with a genetic span of 34 cM but explained only 15 percent of the observed 
phenotypic variation in the previous preliminary experiments. All in all, as long as the secondary 
traits were not compromised by the QTL introgression, the NILs that improved their resistance to 
aflatoxin accumulation should be considered as recurrent parents in future introgression studies 
irrespective of the amount of residual donor parent genome.  
When the 13 NILs were compared to each other, the most resistant and the most 
susceptible NILs were A and D, respectively, with a natural log-transformed aflatoxin content of 
5.96 ± 0.41 and 7.73 ± 0.41, respectively (Table 4.11). Even though not ideal, an attempt was 
made based on table 4.11 to pinpoint the markers that could have comparatively contributed 
more than others towards resistance to aflatoxin accumulation. Marker 4 through 8 appear to be 
consistently contributing towards the resistance to aflatoxin accumulation in the most-resistant 
NILs even though they were also present in the less-resistant NILs. Marker 3 appears to be next 
in the order of importance as it overlaps in the NILs that were most-resistant and moderately 
resistant. Marker 9 and 10 seem to be next in the order of importance since they were present in 
both less-resistant and most-resistant NILs, but their presence in both ends of the resistance 
spectrum lowered their prospects. Marker 1 and 2 appears to be the least important ones as they 
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were present in the middle of resistance spectrum. Genetic positions between marker 4 and 
marker 8 corresponds to 87.4 cM and 105.6 cM on chromosome 2, respectively (Table 4.11).  
Among the two recurrent parents used in this study, MonF was more susceptible to 
aspergillus ear rot with a visual rating of 4.5 (Bayer Company unpublished data). Hence, it was 
supposed to have a higher possibility to better its aflatoxin accumulation resistance with 
introgression of resistant quantitative trait loci from the donor parents. The better overall 
response to the introgression of QTL 2.04 in MonF x Mp313E NILs is in agreement with that 
supposition (Table 4.10). Even though the preexisting aspergillus ear rot visual ratings differed 
between the recurrent parents, the actual aflatoxin accumulation measured in this study did not 
differ (Table 4.3).  
Since so many of the markers between different NILs overlapped, and there was no prior 
information to allow weighing the markers by importance or effect, it would be wiser to envision 
the entire QTL region as responsible for aflatoxin accumulation resistance rather than focusing 
on specific marker positions. Thus, the focus will be on the nine NILs that improved 
significantly in resistance compared to the recurrent parent. 
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Table 4.9 Comparison of natural log-transformed aflatoxin estimates between donor parent, Mp313E, and MonF x Mp313E NILs. 






NIL 1 2 3 4 5 6 7 8 9 10      
  76.3 81.5 84.5 87.4 91.1 96.2 103.7 105.6 109.1 112.5      
Mp313E A           -2.6159 0.5757 117 -4.54 <0.0001* 
Mp313E B           -3.1750 0.5757 117 -5.51 <0.0001* 
Mp313E C           -3.5134 0.5757 117 -6.10 <0.0001* 
Mp313E D           -4.3775 0.5757 117 -7.60 <0.0001* 
Mp313E E           -3.1189 0.5757 117 -5.42 <0.0001* 
Mp313E F           -2.8958 0.5757 117 -5.03 <0.0001* 
Mp313E G           -3.1702 0.5757 117 -5.51 <0.0001* 
Mp313E H           -3.8796 0.5757 117 -6.74 <0.0001* 
Mp313E I           -3.1379 0.5757 117 -5.45 <0.0001* 
Mp313E J           -3.1112 0.5757 117 -5.40 <0.0001* 
Mp313E K           -3.2101 0.5757 117 -5.58 <0.0001* 
Mp313E L           -3.7719 0.5932 127 -6.36 <0.0001* 
Mp313E M           -3.1181 0.5921 127 -5.27 <0.0001* 
Genotypic classes: Yellow color = homozygous for MonF, Orange color = homozygous for Mp313E; SE = Standard error of the 
difference between means; DF = Degrees of freedom; *Significant at α=0.05; Estimate is the difference in the natural log-transformed 
aflatoxin content between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL estimate’.  
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Table 4.10 Comparison and percentage reduction of natural log-transformed aflatoxin estimates between recurrent parent, MonF, 
and MonF x Mp313E NILs. 






NIL 1 2 3 4 5 6 7 8 9 10       
  76.3 81.5 84.5 87.4 91.1 96.2 103.7 105.6 109.1 112.5       
MonF A           1.9776 0.4069 107 3.54 0.0006* 24.89 
MonF B           1.4185 0.4069 107 2.54 0.0125* 17.85 
MonF C           1.0801 0.4069 107 1.94 0.0556 13.59 
MonF D           0.2160 0.4069 107 0.39 0.6996 2.71 
MonF E           1.4746 0.4069 107 2.64 0.0095* 18.56 
MonF F           1.6976 0.4069 107 3.04 0.0030* 21.37 
MonF G           1.4232 0.4069 107 2.55 0.0122* 17.91 
MonF H           0.7139 0.4069 107 1.28 0.2037 8.98 
MonF I           1.4555 0.4069 107 2.61 0.0104* 18.32 
MonF J           1.4823 0.4069 107 2.66 0.0091* 18.66 
MonF K           1.3833 0.4069 107 2.48 0.0148* 17.41 
MonF L           0.8216 0.4307 117 1.43 0.1562 10.34 
MonF M           1.4753 0.4307 117 2.56 0.0117* 18.57 
Genotypic classes: Yellow color = homozygous for MonF, Orange color = homozygous for Mp313E; SE = Standard error of the 
difference between means; RP = Recurrent parent; DF = Degrees of freedom; *Significant at α=0.05; Estimate is the difference in the 




Table 4.11 Estimated means for the aflatoxin accumulation of MonF x Mp313E NILs. 
NIL Marker number and genetic position (cM) in the QTL 2.04 region ln (Afl B1 +1) x † Aflatoxin B1y SE 
 1 2 3 4 5 6 7 8 9 10  ng g-1  
 76.3 81.5 84.5 87.4 91.1 96.2 103.7 105.6 109.1 112.5    
D           7.73 a 2267.88 0.4069 
H           7.23 ab 1378.43 0.4069 
L           7.12 ab 1237.56 0.4307 
C           6.86 abc 955.75 0.4069 
K           6.56 bc 705.71 0.4069 
B           6.52 bc 681.37 0.4069 
G           6.52 bc 678.10 0.4069 
I           6.49 bc 656.55 0.4069 
E           6.47 bc 644.19 0.4069 
M           6.47 bc 643.68 0.4307 
J           6.46 bc 639.19 0.4069 
F           6.24 bc 515.38 0.4069 
A           5.96 c 389.51 0.4069 
           LSDz = 1.105 LSRz = 3.019  
Genotypic classes: Yellow color = homozygous for MonF, Orange color = homozygous for Mp313E; SE = Standard error of the 
mean; x: ln (Afl B1 + 1) = natural log of (aflatoxin B1 + 1). † Means followed by the same letter are not significantly different at α = 
0.05; y: Total aflatoxin concentrations, expressed in ng g-1, are geometric means of the original data; z: The groupings can be derived 
using the least significant difference (LSD) for the log-transformed data, or the least significant ratio (LSR) for the geometric means. 
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Secondary agronomic traits 
When compared to their donor parent, Mp313E (207.75 ± 18.76 cm), all NILs were 
significantly shorter. This is a good sign given the abnormally tall statured Mp313E. Some NILs 
grew taller than their recurrent parent, MonF (124.67 ± 18.64 cm), but none of those differences 
were statistically significant. The two most aflatoxin accumulation resistant NILs, A and F 
(24.89 and 21.37 percent more resistant than MonF, respectively), were not significantly taller 
with the QTL introgression; in fact, they were non-significantly shorter than MonF by 8.85 cm 
and 2.26 cm, respectively (Table 4.12). The average differences in plant heights between NILs 
were not significant (p = 0.0699, Table 4.6), and hence the results of their multiple comparisons 
are not presented here. Among the 13 near isogenic lines, NIL A and J were the shortest and 
tallest, respectively with plant heights ranging between 115.82 ± 18.64 cm and 137.37 ± 18.64 
cm. 
All NILs had significantly lower ear placement compared to their donor parent, Mp313E 
(116 ± 9.27 cm), and none significantly differed from their recurrent parent, MonF (45.93 ± 9.19 
cm). This is also a significant achievement as high ear placement similar to Mp313E would 
cause problems with mechanical harvesting in the field. Even though statistically not significant, 
ear placement of the most aflatoxin accumulation resistant NIL, A, was lower by 6.07 cm 
compared to recurrent parent, MonF. The second-best NIL in terms of resistance to aflatoxin 
accumulation, NIL F, was non-significantly higher in ear placement by 7.09 cm (Table 4.13). 
The average differences in ear heights between NILs were not significant (p = 0.1045, Table 
4.6), and hence the results of their multiple comparisons are not presented here. Among the 13 
near isogenic lines, ear height ranged between 39.86 ± 9.19 cm and 53.37 ± 9.27 cm in NILs A 
and M, respectively. 
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Growing degree day units (GDUs) required for 50 percent of plants in a plot to produce 
silks (S50) were significantly fewer in all NILs compared to their donor parent, Mp313E 
(2128.74 ± 62.94 GDUs). Compared to their recurrent parent, MonF (1521.17 ± 66.44 GDUs), 
six out of 13 NILs silked significantly later. Although the differences were not significant for 
some NILs, time of silking was delayed in every one of them compared to MonF. Silking time of 
the most aflatoxin accumulation resistant line, NIL A, was delayed by 154.83 GDUs compared 
to its recurrent parent, MonF, which would equal eight days with an average summer 
temperature of 86oF. However, the second-best resistant line, NIL F, did not differ with MonF in 
silking time (Table 4.14). The average differences in S50 values between NILs were not 
significant (p = 0.1271, Table 4.6), and hence the results of their multiple comparisons are not 
presented here. Among the 13 NILs, S50 values ranged between 1540.33 ± 60.85 GDUs in NIL 
G and 1700.33 ± 60.85 GDUs in NIL E. 
Pollen shedding time (P50) was significantly earlier in all NILs compared to the donor 
parent, Mp313E (2046.28 ± 52.66 GDUs), but significantly delayed in eight NILs when 
compared to their recurrent parent, MonF (1521.50 ± 51.17 GDUs). Like silking time, pollen 
shed of all NILs was also delayed compared to their recurrent parent, MonF. The most resistant 
near isogenic line, NIL A, delayed its pollen shed by 110.33 GDUs compared to MonF while the 
second-best resistant line, NIL F, did not differ significantly with MonF (Table 4.15). The 
average differences in P50 values between NILs were not significant (p = 0.3006, Table 4.6), and 
hence the results of their multiple comparisons are not presented here. Among the 13 NILs, P50 
values ranged between 1554.33 ± 51.17 GDUs in NIL G and 1661.50 ± 51.17 GDUs in NIL B. 
The majority of NILs had significantly narrower anthesis silking interval compared to 
their donor parent, Mp313E (81.90 ± 21.19 GDUs) which means the difference in GDUs 
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required for silking and pollen shed was less in the NILs compared to Mp313E. This is a 
desirable trait for successful seed set in commercial breeding programs. Comparison of anthesis 
silking intervals results can be confusing as anthesis silking interval itself is a subtraction of P50 
from S50 and another level of subtraction happens when we compare the ASI values of NILs 
with their parents. For example, the anthesis silking interval of NIL A was 44.17 ± 19.43 GDUs 
which was not significantly different from that of Mp313E. However, if we assume an addition 
of 18 GDUs per day during the flowering time, they would equal to 3 and 5 days for NIL A and 
Mp313E, respectively. Usually, the amount of pollen shedding from a tassel starts to reduce four 
days after anthesis, which means as long as the anthesis silking interval is less than 4 days, seed 
set is not negatively impacted. Thus, if we consider ASI values in GDUs, both Mp313E and NIL 
A should not differ in terms of seed set, but in real sense the seed production of Mp313E could 
be negatively impacted. None of the NILs were significantly different compared to the recurrent 
parent, MonF (-0.33 ± 19.43 GDUs). Even though both S50 and P50 values of NIL A were 
greater than the recurrent parent, MonF, its anthesis silking interval was not significantly 
different. This means that while silking delayed, pollen shedding was also delayed, ensuring a 
good nick for seed production. Anthesis silking interval of the second-best resistant NIL, F, was -
4.83 ± 19.43 GDUs, meaning the silking and anthesis times were remarkably close (Table 4.16). 
The average differences in anthesis silking intervals between NILs were not significant (p = 
0.1358, Table 4.6), and hence the results of their multiple comparisons are not presented here. 
Among the 13 NILs, ASI values ranged between -24.17 ± 19.43 GDUs in NIL C and 44.17 ± 
19.43 GDUs in NIL A. 
Tassels of every NIL were significantly less branched and smaller than their donor 
parent, Mp313E (1.12 ± 0.53). Compared to their recurrent parent, MonF (6.50 ± 0.50), some 
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NILs significantly improved the tassel branching and size (which corresponds to a lower tassel 
size rating). Near isogenic line A (6.17 ± 0.50), the most aflatoxin accumulation resistant NIL 
compared to MonF, was similar to MonF in tassel rating as well, but the second-best aflatoxin 
accumulation resistant line, NIL F (4.33 ± 0.50), had significantly improved branching compared 
to MonF (Table 4.17). The average differences in tassel size ratings between NILs were 
significantly different (p = <0.0001, Table 4.6), and hence the results of their multiple 
comparisons are presented here. Among the 13 NILs, tassel size ratings ranged between 3.33 ± 
0.50 and 6.17 ± 0.50 in NILs K and I, respectively (Table 4.18). 
Husk coverage ratings of most NILs were significantly lower than their donor parent, 
Mp313E (4.99 ± 0.19), which means the kernels and ear tips of most NILs were significantly 
more exposed than Mp313E. Compared to their recurrent parent, MonF (3.83 ± 0.18), four NILs 
significantly improved their husk coverage ratings. The most aflatoxin accumulation resistant 
line, NIL A, significantly improved its husk coverage ratings compared to MonF, whereas 
ratings were remarkably similar between NIL F and MonF (Table 4.19). The average differences 
in husk coverage ratings between NILs were significantly different (p = 0.0002, Table 4.6), and 
hence the results of their multiple comparisons are presented here. Among the 13 NILs, husk 
coverage ratings ranged between 3.83 ± 0.18 and 4.79 ± 0.19 in NILs F and L, respectively 
(Table 4.20). 
In any introgression project, the goal should always be complementing the beneficial 
traits with one another but not to substitute one at the cost of the other. Hence, the intrinsic goal 
of this project was also not to sacrifice any of the secondary agronomic trait’s performance while 
improving the aflatoxin accumulation resistance. As mentioned earlier, comparisons of all 
secondary traits of NILs, A and H, with their recurrent parent, MonF, were consolidated into 
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table 4.21 with the intention of using them as parents in future introgression studies. To do this, 
every secondary agronomic trait was identified as having either a neutral, positive or negative 
effect on the trait. If there was a significant difference between a specific NIL and its recurrent 
parent for a given trait, then that trait was identified as either positive or negative in effect based 
on the desirability of that trait. If the there was no significant difference for a given trait, then 
that trait was identified as having a neutral effect. Following this criterion, each NIL was 
measured by its overall negative, positive or neutral effects for all secondary traits. Near isogenic 
line A had neutral effects on plant and ear height, anthesis silking interval, and tassel size rating 
traits; negative effects on S50 and P50 traits; and positive effects on husk coverage ratings. On 
the other hand, near isogenic line F had positive effects on tassel size rating, and neutral effects 
on all other traits. Even though NIL A had the highest resistance to aflatoxin accumulation, it 
was not significantly different from NIL F (Table 4.11). After considering all the above factors, 




Table 4.12 Comparison of plant height estimates between MonF x Mp313E NILs and their parental inbreds. 
NIL Donor parent, Mp313E Recurrent parent, MonF 
 Estimate (cm) SE DF t value Pr>ItI Estimate (cm) SE DF t value Pr>ItI 
A 91.94 7.51 119 12.25 <0.0001* 8.85 7.22 107 1.23 0.2230 
B 77.37 7.51 119 10.31 <0.0001* -5.72 7.22 107 -0.79 0.4307 
C 88.80 7.51 119 11.83 <0.0001* 5.72 7.22 107 0.79 0.4307 
D 91.34 7.51 119 12.17 <0.0001* 8.26 7.22 107 1.14 0.2557 
E 87.21 7.51 119 11.62 <0.0001* 4.13 7.22 107 0.57 0.5690 
F 85.34 7.51 119 11.37 <0.0001* 2.26 7.22 107 0.31 0.7553 
G 79.27 7.51 119 10.56 <0.0001* -3.81 7.22 107 -0.53 0.5990 
H 86.78 7.51 119 11.56 <0.0001* 3.70 7.22 107 0.51 0.6092 
I 80.89 7.51 119 10.78 <0.0001* -2.18 7.22 107 -0.30 0.7627 
J 70.38 7.51 119 9.38 <0.0001* -12.70 7.22 107 -1.76 0.0816 
K 76.51 7.51 119 10.19 <0.0001* -6.56 7.22 107 -0.91 0.3658 
L 82.07 7.78 130 10.55 <0.0001* -1.01 7.51 119 -0.13 0.8937 
M 73.88 7.77 130 9.51 <0.0001* -9.20 7.51 119 -1.23 0.2225 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 




Table 4.13 Comparison of ear height estimates between MonF x Mp313E NILs and their parental inbreds. 
NIL Donor parent, Mp313E Recurrent parent, MonF 
 Estimate (cm) SE DF t value Pr>ItI Estimate (cm) SE DF t value Pr>ItI 
A 76.14 4.45 119 17.12 <0.0001* 6.07 4.27 106 1.42 0.1581 
B 65.23 4.45 119 14.67 <0.0001* -4.83 4.27 106 -1.13 0.2601 
C 70.28 4.45 119 15.80 <0.0001* 0.21 4.27 106 0.05 0.9605 
D 69.22 4.45 119 15.56 <0.0001* -0.85 4.27 106 -0.20 0.8432 
E 65.52 4.45 119 14.73 <0.0001* -4.55 4.27 106 -1.07 0.2888 
F 62.98 4.45 119 14.16 <0.0001* -7.09 4.27 106 -1.66 0.0996 
G 70.07 4.45 119 15.75 <0.0001* 0.00 4.27 106 0.00 1.0000 
H 70.28 4.45 119 15.80 <0.0001* 0.21 4.27 106 0.05 0.9605 
I 68.23 4.45 119 15.34 <0.0001* -1.83 4.27 106 -0.43 0.6683 
J 63.29 4.45 119 14.23 <0.0001* -6.77 4.27 106 -1.59 0.1156 
K 69.75 4.45 119 15.68 <0.0001* -0.32 4.27 106 -0.07 0.9409 
L 65.96 4.62 130 14.27 <0.0001* -4.11 4.45 119 -0.92 0.3573 
M 62.63 4.61 130 13.58 <0.0001* -7.44 4.45 119 -1.67 0.0972 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 




Table 4.14 Comparison of S50 (growing degree day units required for 50 percent plants to silk) estimates between MonF x 
Mp313E NILs and their parental inbreds. 
NIL Donor parent, Mp313E Recurrent parent, MonF 
 Estimate (GDU) SE DF t value Pr>ItI Estimate (GDU) SE DF t value Pr>ItI 
A 452.74 55.22 117 8.20 <0.0001* -154.83 52.83 105 -2.93 0.0041* 
B 471.90 55.22 117 8.55 <0.0001* -135.67 52.83 105 -2.57 0.0116* 
C 554.74 55.22 117 10.05 <0.0001* -52.83 52.83 105 -1.00 0.3196 
D 554.74 55.22 117 10.05 <0.0001* -52.83 52.83 105 -1.00 0.3196 
E 428.40 55.22 117 7.76 <0.0001* -179.17 52.83 105 -3.39 0.0010* 
F 549.74 55.22 117 9.96 <0.0001* -57.83 52.83 105 -1.09 0.2761 
G 588.40 55.22 117 10.66 <0.0001* -19.17 52.83 105 -0.36 0.7175 
H 535.57 55.22 117 9.70 <0.0001* -72.00 52.83 105 -1.36 0.1758 
I 482.40 55.22 117 8.74 <0.0001* -125.17 52.83 105 -2.37 0.0197* 
J 521.40 55.22 117 9.44 <0.0001* -86.17 52.83 105 -1.63 0.1059 
K 496.90 55.22 117 9.00 <0.0001* -110.67 52.83 105 -2.09 0.0386* 
L 509.34 57.54 129 8.85 <0.0001* -98.23 55.22 117 -1.78 0.0778 
M 482.18 57.42 129 8.40 <0.0001* -125.39 55.22 117 -2.27 0.0250* 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in S50 (GDU) between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL estimate’.  
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Table 4.15 Comparison of P50 (growing degree day units required for 50 percent plants to shed pollen) estimates between MonF x 
Mp313E NILs and their parental inbreds. 
NIL Donor parent, Mp313E Recurrent parent, MonF 
 Estimate (GDU) SE DF t value Pr>ItI Estimate (GDU) SE DF t value Pr>ItI 
A 414.45 42.46 120 9.76 <0.0001* -110.33 40.59 107 -2.72 0.0077* 
B 384.78 42.46 120 9.06 <0.0001* -140.00 40.59 107 -3.45 0.0008* 
C 448.12 42.46 120 10.55 <0.0001* -76.67 40.59 107 -1.89 0.0616 
D 462.95 42.46 120 10.90 <0.0001* -61.83 40.59 107 -1.52 0.1306 
E 385.12 42.46 120 9.07 <0.0001* -139.67 40.59 107 -3.44 0.0008* 
F 462.45 42.46 120 10.89 <0.0001* -62.33 40.59 107 -1.54 0.1276 
G 491.95 42.46 120 11.59 <0.0001* -32.83 40.59 107 -0.81 0.4204 
H 472.95 42.46 120 11.14 <0.0001* -51.83 40.59 107 -1.28 0.2044 
I 429.62 42.46 120 10.12 <0.0001* -95.17 40.59 107 -2.34 0.0209* 
J 434.12 42.46 120 10.22 <0.0001* -90.67 40.59 107 -2.23 0.0276* 
K 443.62 42.46 120 10.45 <0.0001* -81.17 40.59 107 -2.00 0.0481* 
L 438.69 44.27 132 9.91 <0.0001* -86.09 42.46 120 -2.03 0.0448* 
M 438.61 44.18 132 9.93 <0.0001* -85.97 42.46 120 -2.02 0.0451* 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in P50 (GDU) between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL estimate’.  
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Table 4.16 Comparison of anthesis silking interval estimates between MonF x Mp313E NILs and their parental inbreds. 
NIL Donor parent, Mp313E Recurrent parent, MonF 
 Estimate (GDU) SE DF t value Pr>ItI Estimate (GDU) SE DF t value Pr>ItI 
A 37.73 27.67 115 1.36 0.1752 -44.50 26.35 102 -1.69 0.0942 
B 86.57 27.67 115 3.13 0.0022* 4.33 26.35 102 0.16 0.8697 
C 106.07 27.67 115 3.83 0.0002* 23.83 26.35 102 0.90 0.3678 
D 91.24 27.67 115 3.30 0.0013* 9.00 26.35 102 0.34 0.7333 
E 42.74 27.67 115 1.54 0.1251 -39.50 26.35 102 -1.50 0.1369 
F 86.74 27.67 115 3.14 0.0022* 4.50 26.35 102 0.17 0.8647 
G 95.90 27.67 115 3.47 0.0007* 13.67 26.35 102 0.52 0.6051 
H 62.07 27.67 115 2.24 0.0268* -20.17 26.35 102 -0.77 0.4458 
I 52.24 27.67 115 1.89 0.0615 -30.00 26.35 102 -1.14 0.2575 
J 86.74 27.67 115 3.14 0.0022* 4.50 26.35 102 0.17 0.8647 
K 52.74 27.67 115 1.91 0.0591 -29.50 26.35 102 -1.12 0.2655 
L 70.55 28.94 127 2.44 0.0161* -11.68 27.67 115 -0.42 0.6736 
M 44.66 28.87 127 1.55 0.1244 -37.58 27.67 115 -1.36 0.1770 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in anthesis silking interval (GDU) between parental inbred and NIL expressed as ‘parental inbred estimate 
minus NIL estimate’.  
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Table 4.17 Comparison of tassel size rating estimates between MonF x Mp313E NILs and their parental inbreds. 
NIL Donor parent, Mp313E Recurrent parent, MonF 
 Estimate SE DF t value Pr>ItI Estimate SE DF t value Pr>ItI 
A -5.05 0.58 282 -8.64 <0.0001* 0.33 0.56 282 0.60 0.5500 
B -4.88 0.58 282 -8.35 <0.0001* 0.50 0.56 282 0.90 0.3701 
C -4.38 0.58 282 -7.50 <0.0001* 1.00 0.56 282 1.80 0.0737 
D -4.22 0.58 282 -7.21 <0.0001* 1.17 0.56 282 2.09 0.0371* 
E -4.05 0.58 282 -6.93 <0.0001* 1.33 0.56 282 2.39 0.0173* 
F -3.22 0.58 282 -5.50 <0.0001* 2.17 0.56 282 3.89 0.0001* 
G -4.88 0.58 282 -8.35 <0.0001* 0.50 0.56 282 0.90 0.3701 
H -4.88 0.58 282 -8.35 <0.0001* 0.50 0.56 282 0.90 0.3701 
I -5.05 0.58 282 -8.64 <0.0001* 0.33 0.56 282 0.60 0.5500 
J -3.88 0.58 282 -6.64 <0.0001* 1.50 0.56 282 2.69 0.0075* 
K -2.22 0.58 282 -3.79 0.0002* 3.17 0.56 282 5.69 <0.0001* 
L -4.36 0.61 283 -7.13 <0.0001* 1.03 0.58 282 1.75 0.0805 
M -3.40 0.61 282 -5.57 <0.0001* 1.98 0.58 282 3.39 0.0008* 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in tassel size ratings between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL 
estimate’. Tassels were rated on a scale of 1 (8 or more tassel branches) to 9 (no branches).  
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Table 4.18 Estimated means for the tassel size rating (TSZ) of MonF x Mp313E NILs. 
NIL Marker number and genetic position (cM) in the QTL 2.04 region TSZ † SE 
 1 2 3 4 5 6 7 8 9 10   
 76.3 81.5 84.5 87.4 91.1 96.2 103.7 105.6 109.1 112.5   
I           6.17 a 0.50 
A           6.17 a 0.50 
H           6.00 ab 0.50 
G           6.00 ab 0.50 
B           6.00 ab 0.50 
C           5.50 abc 0.50 
L           5.48 abcd 0.53 
D           5.33 abcd 0.50 
E           5.17 abcd 0.50 
J           5.00 bcd 0.50 
M           4.52 cd 0.53 
F           4.33 de 0.50 
K           3.33 e 0.50 
           LSD = 1.10  
Genotypic classes: Yellow color = homozygous for MonF, Orange color = homozygous for Mp313E  
SE = Standard error of the mean; † Means followed by the same letter are not significantly different at α = 0.05  
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Table 4.19 Comparison of husk coverage rating estimates between MonF x Mp313E NILs and their parental inbreds. 
NIL Donor parent, Mp313E Recurrent parent, MonF 
 Estimate SE DF t value Pr>ItI Estimate SE DF t value Pr>ItI 
A 0.65 0.26 283 2.56 0.0111* -0.50 0.24 282 -2.05 0.0410* 
B 0.99 0.26 283 3.86 0.0001* -0.17 0.24 282 -0.68 0.4944 
C 0.82 0.26 283 3.21 0.0015* -0.33 0.24 282 -1.37 0.1722 
D 1.15 0.26 283 4.51 <0.0001* 0.00 0.24 282 0.00 1.0000 
E 1.15 0.26 283 4.51 <0.0001* 0.00 0.24 282 0.00 1.0000 
F 1.15 0.26 283 4.51 <0.0001* 0.00 0.24 282 0.00 1.0000 
G 0.49 0.26 283 1.90 0.0580 -0.67 0.24 282 -2.74 0.0066* 
H 0.99 0.26 283 3.86 0.0001* -0.17 0.24 282 -0.68 0.4944 
I 0.32 0.26 283 1.25 0.2116 -0.83 0.24 282 -3.42 0.0007* 
J 0.99 0.26 283 3.86 0.0001* -0.17 0.24 282 -0.68 0.4944 
K 0.99 0.26 283 3.86 0.0001* -0.17 0.24 282 -0.68 0.4944 
L 0.20 0.27 284 0.75 0.4559 -0.95 0.26 283 -3.73 0.0002* 
M 0.80 0.27 282 3.00 0.0030* -0.35 0.26 283 -1.38 0.1680 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in husk coverage ratings between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL 
estimate’. Husk coverage was rated on a scale of 1 (exposed kernels) to 5 (long silk channel present).  
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Table 4.20 Estimated means for the husk coverage rating (HSC) of MonF x Mp313E NILs. 
NIL Marker number and genetic position (cM) in the QTL 2.04 region HSC † SE 
 1 2 3 4 5 6 7 8 9 10   
 76.3 81.5 84.5 87.4 91.1 96.2 103.7 105.6 109.1 112.5   
L           4.79 a 0.19 
I           4.67 ab 0.18 
G           4.50 abc 0.18 
A           4.33 abcd 0.18 
M           4.19 bcde 0.19 
C           4.17 cde 0.18 
B           4.00 de 0.18 
H           4.00 de 0.18 
J           4.00 de 0.18 
K           4.00 de 0.18 
D           3.83 e 0.18 
E           3.83 e 0.18 
F           3.83 e 0.18 
           LSD = 0.48  
Genotypic classes: Yellow color = homozygous for MonF, Orange color = homozygous for Mp313E  
SE = Standard error of the mean; † Means followed by the same letter are not significantly different at α = 0.05  
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Table 4.21 Comparison of secondary agronomic trait estimates of NILs A and F with their recurrent parent, MonF. 
Near isogenic line 
% reduction in 
ln_afl over RP 
PHT (cm) EHT (cm) S50 (GDUs) P50 (GDUs) ASI (GDUs) TSZ HSC 
  Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI 
MonF x Mp313E - A 24.89 8.85 0.223 6.07 0.158 -154.83 0.004* -110.33 0.008* -44.50 0.094 0.33 0.5500 -0.50 0.041* 
MonF x Mp313E - F 21.37 2.26 0.755 -7.09 0.100 -57.83 0.276 -62.33 0.128 4.50 0.865 2.17 0.0001* 0.00 1.000 




MonM x Mp313E near isogenic lines 
Aflatoxin accumulation 
 When compared to their donor parent, Mp313E (3.3491 ± 0.4307), all near 
isogenic lines (NILs) accumulated significantly more aflatoxin content (Table 4.22). This was 
not a surprise given the quantitative nature of the trait and the number of quantitative trait loci 
(QTLs) adding up to make the Mp313E a highly resistant inbred. Most importantly, only one 
QTL was introgressed into the NILs via marker assisted selection. As mentioned earlier in page 
58, there were multiple QTLs identified in two different mapping populations explaining varying 
degrees of phenotypic variation. Factors such as recurrent parent genetic background, amount of 
phenotypic variation explained, and amount of experimental error influence the performance of 
any QTL in an introgression project. Hence, even minor improvements in the aflatoxin 
accumulation resistance in this study should be considered as the first step towards the goal of 
achieving improved resistance. Also, any resistant NILs compared to recurrent parent, MonM, 
identified in this study could be used as recurrent parents in future studies to introgress multiple 
QTLs from not only Mp313E but also other resistant donor parents. 
The aspergillus ear rot visual rating of MonM was 3 according to Bayer company’s 
unpublished data and thereby considered to be more resistant compared to its counterpart, MonF 
with a visual rating of 4.5. Hence, the anticipation was that the comparative response to the 
introgression of QTL 2.04 into MonM would be smaller than its introgression into MonF, and 
the results proved that anticipation. However, the recurrent parents did not differ in aflatoxin 
measured in the current experiment (Table 4.3). According to table 4.4, the differences in the 
estimated means were statistically significant between the NILs of MonF x Mp313E and MonM 
x Mp313E (-1.0261 ± 0.1476, p = <0.0001), suggesting a significant interaction between 
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recurrent and donor parents. Overall, the percentage reduction in the aflatoxin accumulation 
compared to their recurrent parent was significantly less in MonM x Mp313E NILs as opposed 
to MonF x Mp313E NILs (Table 4.10, and Table 4.23). 
When compared to their recurrent parent, MonM (7.9369 ± 0.4307), none of the NILs 
significantly improved their resistance to aflatoxin accumulation. The near isogenic line L was 
the lone NIL that was remarkably close (p = 0.0555) to significantly reduce its aflatoxin 
accumulation compared to MonM. The percentage reduction in aflatoxin accumulation ranged 
between 0.36 (NIL E) and 14.03 (NIL L) in comparison to their recurrent parent. Though non-
significantly, NILs B, F, J, and M were adversely affected by the introgression of the QTL region 
and became more susceptible to the aflatoxin accumulation (Table 4.23). Like the results of 
MonF x Mp313E cross, aflatoxin accumulation of MonM x Mp313E NILs were also quite 
confusing. The simplest way of determining whether QTL 5.04 had any impact on the resistance 
would be by comparing the NIL that possess the maximum amount of donor parent alleles with 
the NILs that possess the least amount of donor parent alleles in their marker profile. By 
following this convention, NIL R was compared with NILs A and J and the results were quite 
opposite suggesting that marker 1 and 2 were not necessary for providing resistance to aflatoxin 
accumulation. Another striking contrast was made between NIL H and I where the loss of one 
donor parent allele at marker 3 improved the resistance of NIL H by 11.22 percent compared to 
recurrent parent, MonM.  
Some of these confounding results could be explained by the genetic similarity between 
the parents, size of the introgressed QTL, and the innate resistance of MonM to aflatoxin 
accumulation. There was a 58.15 percent genetic similarity between MonM and Mp313E which 
suggests that they were more similar and had comparatively low possibility of expressing hybrid 
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vigor in their progenies. A meagre amount of 67 polymorphic markers used in the background 
selection would not recover all the recurrent parent genome by leaving a suspiciously higher 
amounts of residual donor parent alleles in the background. Theoretically, some of this residual 
donor parent genome in the non-QTL regions corresponds to other identified aflatoxin 
accumulation resistant QTLs which should lead to more resistance in NILs, but that was not the 
case. At the same time, large residual genomic contribution could also obscure any minor 
improvements observed in the NILs such as H and L. However, both NILs H and L recovered 
most of the MonM genome in their background during the backcrossing process suggesting that 
resistance observed in them could be attributed to the introgressed QTL. Another consideration 
was about the generous size of the introgressed QTL 2.04 and its explanation of only 15 percent 
phenotypic variation in the previous preliminary experiments.  
Even though the QTL that was introgressed into both MonF and MonM was from the 
same donor parent, Mp313E, the marker profiles of the NILs differed and hence their head to 
head comparison was not possible. A significant observation drawn by comparing the percentage 
reduction in NILs of MonF x Mp313E and MonM x Mp313 to their respective recurrent parent 
was that a ‘maximum percentage reduction’ of 14.03 in the NIL L of MonM x Mp313E cross 
was almost equivalent to a ‘subpar percentage reduction’ of 13.59 in the NIL C of MonF x 
Mp313E cross (Table 4.10, and Table 4.23). This suggests that the effect of QTL 2.04 was 
inconsistent in the two recurrent parents of this study.  
When the 17 NILs were compared to each other, the most resistant and the most 
susceptible NILs were L and J with a natural log-transformed aflatoxin content of 6.82 and 8.46, 
respectively. Majority of NILs did not differ statistically among themselves by not being 
significantly different from either the highest or lowest resistant NILs (Table 4.24). The most 
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resistant and least resistant NILs differed only at marker 3 and 4 and NIL R lied in the middle of 
resistance spectrum with the maximum number of donor parent alleles in its marker profile. 
Based on the visual observations from Table 4.24, marker 4 through 9 appears to be consistently 
contributing towards the resistance to aflatoxin accumulation in the most-resistant NILs even 
though they were present in the less-resistant NILs also. Marker 3 and 10 appears to be next in 
the order of importance as they overlap in the NILs that were most-resistant and moderately 
resistant. Marker 11 and 12 seems to be next in the order of importance since they were present 
in most of the medium-resistant and less-resistant NILs. Marker 1 and 2 appears to be the least 
important ones as they dispersed among most-resistant, medium-resistant and least-resistant 
NILs which clouded their importance in aflatoxin accumulation resistance. Genetic positions 
between marker 4 and marker 9 corresponds to 87.4 cM and 99.4 cM on chromosome 2, 
respectively. This QTL region also concurred to be the region responsible in MonF x Mp313E 
NILs. 
Even though the background selection could not firmly confirm the exclusion of residual 
donor parent genome in NILs, an indirect measure on the performance of their secondary 
agronomic traits would provide a meaningful justification. Even if not all the resistance is 
attributed to the introgressed QTL, as long as the secondary agronomic traits were not 
compromised as a result, the NILs should be able to use as recurrent parents in future 
introgression studies. Since several of the markers between different NILs overlapped and there 
was no conceivable way to give weightage to the markers, it would be wiser to envision the QTL 
region responsible for aflatoxin accumulation resistance rather than focusing on specific marker 




Table 4.22 Comparison of natural log-transformed aflatoxin estimates between donor parent, Mp313E, and MonM x Mp313E 
NILs. 




Comparison 1 2 3 4 5 6 7 8 9 10 11 12      
Parental 
inbred 
NIL 76.3 81.5 84.5 87.4 91.1 96.2 98.2 98.3 99.4 103.7 109.1 112.5      
Mp313E A 
            
-4.1445 0.5757 117 -7.20 <0.0001* 
Mp313E B 
            
-4.7348 0.5757 117 -8.22 <0.0001* 
Mp313E C 
            
-4.1657 0.5757 117 -7.24 <0.0001* 
Mp313E E 
            
-4.5592 0.5921 127 -7.70 <0.0001* 
Mp313E F 
            
-4.8688 0.5921 127 -8.22 <0.0001* 
Mp313E G 
            
-4.1017 0.5757 117 -7.12 <0.0001* 
Mp313E H 
            
-3.6752 0.5921 127 -6.21 <0.0001* 
Mp313E I 
            
-4.5656 0.5757 117 -7.93 <0.0001* 
Mp313E J 
            
-5.1127 0.5757 117 -8.88 <0.0001* 
Mp313E K 
            
-4.5727 0.5757 117 -7.94 <0.0001* 
Mp313E L 
            
-3.4744 0.5757 117 -6.03 <0.0001* 
Mp313E M 
            
-4.8461 0.5921 127 -8.18 <0.0001* 
Mp313E N 
            
-4.3937 0.5932 127 -7.41 <0.0001* 
Mp313E O 
            
-4.0522 0.5932 127 -6.83 <0.0001* 
Mp313E P 
            
-3.9933 0.5757 117 -6.94 <0.0001* 
Mp313E Q 
            
-4.3360 0.5757 117 -7.53 <0.0001* 
Mp313E R 
            
-4.2018 0.5757 117 -7.30 <0.0001* 
Genotypic classes: Yellow color = homozygous for MonM, Orange color = homozygous for Mp313E; SE = Standard error of the 
difference between means; DF = Degrees of freedom; *Significant at α=0.05; Estimate is the difference in the natural log-transformed 
aflatoxin content between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL estimate’.  
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Table 4.23 Comparison and percentage reduction of natural log-transformed aflatoxin estimates between recurrent parent, MonM, 
and MonM x Mp313E NILs. 




Comparison 1 2 3 4 5 6 7 8 9 10 11 12       
Parental 
inbred 
NIL 76.3 81.5 84.5 87.4 91.1 96.2 98.2 98.3 99.4 103.7 109.1 112.5       
MonM A 
            
0.4433 0.5757 117 0.77 0.4428 5.59 
MonM B 
            
-0.1469 0.5757 117 -0.26 0.7990 -1.85 
MonM C 
            
0.4221 0.5757 117 0.73 0.4649 5.32 
MonM E 
            
0.0286 0.5921 127 0.05 0.9615 0.36 
MonM F 
            
-0.2809 0.5921 127 -0.47 0.6360 -3.54 
MonM G 
            
0.4861 0.5757 117 0.84 0.4002 6.12 
MonM H 
            
0.9126 0.5921 127 1.54 0.1257 11.50 
MonM I 
            
0.0222 0.5757 117 0.04 0.9693 0.28 
MonM J 
            
-0.5249 0.5757 117 -0.91 0.3638 -6.61 
MonM K 
            
0.0151 0.5757 117 0.03 0.9790 0.19 
MonM L 
            
1.1134 0.5757 117 1.93 0.0555 14.03 
MonM M 
            
-0.2583 0.5921 127 -0.44 0.6634 -3.25 
MonM N 
            
0.1941 0.5932 127 0.33 0.7440 2.45 
MonM O 
            
0.5356 0.5932 127 0.90 0.3683 6.75 
MonM P 
            
0.5946 0.5757 117 1.03 0.3039 7.49 
MonM Q 
            
0.2518 0.5757 117 0.44 0.6626 3.17 
MonM R 
            
0.3860 0.5757 117 0.67 0.5039 4.86 
Genotypic classes: Yellow color = homozygous for MonM, Orange color = homozygous for Mp313E; SE = Standard error of the 
difference between means; RP = Recurrent parent; DF = Degrees of freedom; *Significant at α=0.05; Estimate is the difference in the 




Table 4.24 Estimated means for the aflatoxin accumulation of MonM x Mp313 NILs. 
NIL Marker number and genetic position (cM) in the QTL 2.04 region 
ln (Afl B1 +1) x 
† 
Aflatoxin B1y SE 
 1 2 3 4 5 6 7 8 9 10 11 12  ng g-1  
 76.3 81.5 84.5 87.4 91.1 96.2 98.2 98.3 99.4 103.7 109.1 112.5    
J             8.46 a 4730.57 0.4069 
F             8.22 ab 3706.71 0.4307 
M             8.20 abc 3623.52 0.4307 
B             8.08 abc 3241.85 0.4069 
K             7.92 abcd 2756.73 0.4069 
E             7.91 abcd 2719.76 0.4307 
I             7.91 abcd 2737.23 0.4069 
N             7.74 abcd 2304.92 0.4307 
Q             7.69 abcd 2175.69 0.4069 
R             7.55 abcd 1902.45 0.4069 
C             7.51 abcd 1835.00 0.4069 
A             7.49 abcd 1796.51 0.4069 
G             7.45 abcd 1721.24 0.4069 
O             7.40 abcd 1638.11 0.4307 
P             7.34 bcd 1544.41 0.4069 
H             7.02 cd 1123.61 0.4307 
L             6.82 d 919.20 0.4069 
             LSDz = 1.105 LSRz = 3.019  
Genotypic classes: Yellow color = homozygous for MonM, Orange color = homozygous for Mp313E; SE = Standard error of the 
mean; x: ln (Afl B1 + 1) = natural log of (aflatoxin B1 + 1); † Means followed by the same letter are not significantly different at α = 
0.05; y: Total aflatoxin concentrations, expressed in ng g-1, are geometric means of the original data; z: The groupings can be derived 
using the least significant difference (LSD) for the log-transformed data, or the least significant ratio (LSR) for the geometric means. 
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Secondary agronomic traits 
From the results of aflatoxin accumulation, none of the NILs were significantly different 
from their recurrent parent, MonM, in terms of natural log-transformed aflatoxin content (Table 
4.23). However, if the alpha level was reduced to 0.1, NIL L would qualify for being the 
significantly different from MonM (p = 0.0555). Aflatoxin accumulation of near isogenic line L 
was reduced by 14.03 percent over its recurrent parent, MonM. The second-best NIL, H, with a 
natural log-transformed aflatoxin content of 7.02 ± 0.43 improved its resistance by 11.03 percent 
over the recurrent parent, MonM (p = 0.1257) (Table 4.23). Since, it was decided to emphasize 
the results of two most resistant NILs from every RP x DP combination while presenting the 
secondary agronomic traits, NILs H and L of MonM x Mp313E cross are given priority in the 
discussion below.  
All NILs were significantly shorter than their donor parent, Mp313E (207.75 ± 18.76 
cm), whereas everyone except NIL B were comparatively of similar height to their recurrent 
parent, MonM (115.47 ± 18.76 cm). Both NILs H and L were statistically non-significant with 
respect to recurrent parent, MonM. Near isogenic line L, which improved its aflatoxin 
accumulation resistance by 14.03 percent over MonM, grew 9.94 cm taller than its recurrent 
parent. Interestingly, the second-best resistant NIL, H, which improved its resistance by 11.50 
percent over MonM, grew 15.27 cm shorter than its recurrent parent. Even though the plant 
height between NIL H and the recurrent parent, MonM, was not significant at alpha level of 0.05, 
it was certainly on the border of becoming significant (p = 0.0514) (Table 4.25). The average 
differences in plant heights between NILs were significantly different (Table 4.6), and hence the 
results of their multiple comparisons are presented here. Among the 17 near isogenic lines, NIL 
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H and L were the shortest and tallest, respectively with plant heights ranging between 100.20 ± 
18.76 cm and 125.41 ± 18.64 cm (Table 4.26). 
Compared to their donor parent, Mp313E (116 ± 9.27 cm), ear placement of all NILs was 
significantly lower. However, when compared to their recurrent parent, MonM (52.21 ± 9.27 
cm), there were no significant differences in ear placement except for NIL H (42.96 ± 9.27) 
whose ear placement lowered significantly. Ear placement of NIL L (55.99 ± 9.19) was 
increased by 3.78 cm compared to its recurrent parent, but the differences were non-significant 
(Table 4.27). The average differences in ear heights between NILs were not significant (p = 
0.0696, Table 4.6), and hence the results of their multiple comparisons are not presented here. 
Among the 17 near isogenic lines, ear height ranged between 42.96 ± 9.27 cm in NIL H and 
55.99 ± 9.19 cm in NIL L.  
Growing degree day units required for 50 percent of plants in a plot to silk (S50) were 
significantly different between NILs and their donor parent, Mp313E (2128.74 ± 62.94 GDUs). 
All NILs silked significantly earlier than Mp313E. Compared to their recurrent parent, MonM 
(1562.77 ± 62.94 GDUs), four out of 17 NILs silked significantly later while others also delayed 
nonsignificantly. Silking time of the two most aflatoxin accumulation resistant lines, H and L, 
did not differ significantly from MonM, but their silking was delayed by 54.72 and 40.06 GDUs, 
respectively (Table 4.28). The average differences in S50 values between NILs were not 
significant (p = 0.4136, Table 4.6), and hence the results of their multiple comparisons are not 
presented here. Among the 17 NILs, S50 values ranged between 1573.83 ± 60.85 GDUs and 
1710.83 ± 60.85 GDUs in NILs K and J, respectively. 
None of the NILs shed their pollen (P50) as late as their donor parent, Mp313E (2046.28 
± 52.66 GDUs); however, three out of 17 NILs significantly delayed their pollen shed compared 
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to the recurrent parent, MonM (1544.78 ±52.66 GDUs). The two most aflatoxin accumulation 
resistant NILs, H and L, were not significantly different in pollen shed compared to their 
recurrent parent, MonM. The anthesis or pollen shed of NIL H was delayed by 17.67 GDUs, but 
the pollen shed of NIL L (1535 ± 51.17 GDUs) moved slightly earlier compared to the recurrent 
parent, MonM (Table 4.29). The average differences in P50 values between NILs were not 
significant (p = 0.1835, Table 4.6), and hence the results of their multiple comparisons are not 
presented here. Among the 17 NILs, P50 values ranged between 1535 ± 51.17 GDUs and 
1651.67 ± 51.17 GDUs in NILs L and J, respectively. Among the S50 and P50 values of the two 
most resistant NILs, silking was delayed more than the pollen shed in NIL H, but in NIL L only 
silking was delayed, and pollen shed moved slightly earlier than the recurrent parent, MonM. 
 There were no significant differences in the anthesis silking intervals between NILs and 
their donor parent, Mp313E (81.90 ± 21.19 GDUs). As mentioned earlier, anthesis silking 
interval results sometimes confuse the interpretation. The non-significant differences between 
NILs and donor parent does not necessarily mean that the NILs were as late as donor parent in 
terms of silking and pollen shed. Instead, it can be understood as both NILs and donor parent had 
a wider window of silking and pollen shed. Also, most of the NILs did not differ in their anthesis 
silking intervals in comparison to the recurrent parent, MonM (18.53 ± 21.19 GDUs). The two 
most aflatoxin accumulation resistant NILs, H and L, were also not significantly different from 
their recurrent parent, MonM. The anthesis silking interval was widened by 35.56 GDUs in NIL 
H and 49.30 GDUs in NIL L compared to their recurrent parent, MonM. The anthesis silking 
interval of NIL H was 54.09 ± 21.19 GDUs and that of NIL L was 67.83 ± 19.43 GDUs. If we 
consider an average daily maximum temperature of 86oF during flowering time which adds 18 
GDUs per day, ASI values of NIL H and L would equals to 3 and 4 days, respectively and 
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should not pose any seed setting issues (Table 4.30). The average differences in anthesis silking 
intervals between NILs were not significant (p = 0.8772, Table 4.6), and hence the results of 
their multiple comparisons are not presented here. Among the 17 NILs, ASI values ranged 
between 25.12 ± 21.19 GDUs and 78.67 ± 19.43 GDUs in NILs F and P, respectively. 
Tassel size ratings of all but one NILs were significantly higher than their donor parent, 
Mp313E (1.12 ± 0.53), which means that they were all less branched and smaller in size than the 
donor parent. Near isogenic line L (2.17 ± 0.50) was the lone NIL that was not significantly 
different with its donor parent. The rating scale used for tassel size ratings misleads sometimes, 
as the higher ratings denotes smaller tassels with few branches and the lower ratings denotes 
bigger tassels with more branches. In simple terms, lower tassel size ratings are preferred over 
higher tassel size ratings. Compared to their recurrent parent, MonM (3.52 ± 0.53), most of the 
NILs were not significantly different in their tassel size ratings. Near isogenic line L, the most 
aflatoxin accumulation resistant line compared to MonM, significantly improved its tassel 
branching. The tassel size ratings of the second-best resistant NIL, H (3.12 ± 0.53), and its 
recurrent parent, MonM, were remarkably similar. Improvement in tassel branching is a desired 
thing even though the recurrent parent, MonM, was already heavily branched and further 
branching in tassel will help in producing more pollen (Table 4.31). The average differences in 
tassel size ratings between NILs were significantly different (Table 4.6), and hence the results of 
their multiple comparisons are presented here. Among the 17 NILs, tassel size ratings ranged 
between 2.17 ± 0.50 in NIL L and 4.33 ± 0.50 in NIL B (Table 4.32). 
There were no significant differences in the husk coverage rating between NILs and their 
donor parent, Mp313E (4.99 ± 0.19) which means that they all had an exceptionally good silk 
channel present in their ears. In contrast to tassel size ratings, higher ratings are preferred over 
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lower ratings for husk coverage trait None of the NILs were significantly different in their husk 
coverage ratings compared to their recurrent parent, MonM (4.99 ± 0.19). Since both MonM and 
Mp313E already had incredibly good husk coverage ratings, their NILs also anticipated to have 
greater husk coverage ratings. Both NILs H and L had very tight and longer husks in their ears 
(Table 4.33). The average differences in husk coverage ratings between NILs were not 
significant (p = 1.0000, Table 4.6), and hence the results of their multiple comparisons are not 
presented here. Among the 17 NILs, husk coverage ratings ranged between 4.83 ± 0.18 in NIL K 
and 5.00 ± 0.18 in several NILs. 
As discussed earlier, the goal of this study was to improve the aflatoxin accumulation 
resistance without negatively impacting the secondary agronomic traits. Table 4.34 consolidated 
the comparisons of all secondary agronomic traits of NILs H and L with respect to their recurrent 
parent, MonM. As mentioned earlier in page 69, both NIL H and L were measured by their 
overall negative, positive or neutral effects for all secondary traits. They both had one positive 
and six neutral effect traits each. Ear height and tassel sizes were positively influenced by the 
introgression of QTL 2.04 in NIL H and L, respectively. At alpha level of 0.1, the plant height of 
NIL H also reduced significantly compared to the recurrent parent, MonM (p = 0.0514). It seems 
that both NILs H and L would be good recurrent parents in future introgression studies and any 
of the secondary traits that were negatively influenced by the QTL introgression should get 
corrected during field selection.  
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Table 4.25 Comparison of plant height estimates between MonM x Mp313E NILs and their parental inbreds. 
NIL Donor parent, Mp313E Recurrent parent, MonM 
 Estimate (cm) SE DF t value Pr>ItI Estimate (cm) SE DF t value Pr>ItI 
A 98.00 7.51 119 13.06 <0.0001* 5.72 7.51 119 0.76 0.4476 
B 107.21 7.51 119 14.28 <0.0001* 14.93 7.51 119 1.99 0.0490* 
C 103.40 7.51 119 13.78 <0.0001* 11.12 7.51 119 1.48 0.1413 
E 87.64 7.77 130 11.29 <0.0001* -4.64 7.77 130 -0.60 0.5511 
F 101.42 7.77 130 13.06 <0.0001* 9.14 7.77 130 1.18 0.2414 
G 84.56 7.51 119 11.27 <0.0001* -7.72 7.51 119 -1.03 0.3056 
H 107.56 7.77 130 13.85 <0.0001* 15.27 7.77 130 1.97 0.0514 
I 97.90 7.51 119 13.04 <0.0001* 5.61 7.51 119 0.75 0.4561 
J 94.62 7.51 119 12.61 <0.0001* 2.33 7.51 119 0.31 0.7566 
K 95.89 7.51 119 12.78 <0.0001* 3.60 7.51 119 0.48 0.6322 
L 82.34 7.51 119 10.97 <0.0001* -9.94 7.51 119 -1.33 0.1877 
M 98.69 7.77 130 12.71 <0.0001* 6.40 7.77 130 0.82 0.4113 
N 92.58 7.78 130 11.90 <0.0001* 0.30 7.78 130 0.04 0.9693 
O 85.36 7.78 130 10.97 <0.0001* -6.92 7.78 130 -0.89 0.3753 
P 95.04 7.51 119 12.66 <0.0001* 2.76 7.51 119 0.37 0.7142 
Q 94.19 7.51 119 12.55 <0.0001* 1.91 7.51 119 0.25 0.7997 
R 99.27 7.51 119 13.23 <0.0001* 6.99 7.51 119 0.93 0.3537 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 




Table 4.26 Estimated means for the plant height of MonM x Mp313 NILs. 
NIL Marker number and genetic position (cM) in the QTL 2.04 region Plant height (cm) † SE 
 1 2 3 4 5 6 7 8 9 10 11 12   
 76.3 81.5 84.5 87.4 91.1 96.2 98.2 98.3 99.4 103.7 109.1 112.5   
L             125.41 a 18.64 
G             123.19 ab 18.64 
O             122.39 abc 18.76 
E             120.11 abcd 18.76 
N             115.17 abcde 18.76 
Q             113.56 abcde 18.64 
J             113.14 abcde 18.64 
P             112.71 abcde 18.64 
K             111.87 abcde 18.64 
I             109.85 bcde 18.64 
A             109.75 bcde 18.64 
M             109.07 bcde 18.76 
R             108.48 cde 18.64 
F             106.33 de 18.76 
C             104.35 e 18.64 
B             100.54 e 18.64 
H             100.20 e 18.76 
             LSD = 14.30  
Genotypic classes: Yellow color = homozygous for MonM, Orange color = homozygous for Mp313E; SE = Standard error of the 
mean; † Means followed by the same letter are not significantly different at α = 0.05  
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Table 4.27 Comparison of ear height estimates between MonM x Mp313E NILs and their parental inbreds. 
NIL Donor parent, Mp313E Recurrent parent, MonM 
 Estimate (cm) SE DF t value Pr>ItI Estimate (cm) SE DF t value Pr>ItI 
A 67.63 4.45 119 15.21 <0.0001* 3.84 4.45 119 0.86 0.3895 
B 71.13 4.45 119 15.99 <0.0001* 7.33 4.45 119 1.65 0.1018 
C 71.44 4.45 119 16.06 <0.0001* 7.65 4.45 119 1.72 0.0880 
E 60.97 4.61 130 13.22 <0.0001* -2.82 4.61 130 -0.61 0.5415 
F 66.28 4.61 130 14.37 <0.0001* 2.49 4.61 130 0.54 0.5902 
G 62.13 4.45 119 13.97 <0.0001* -1.66 4.45 119 -0.37 0.7093 
H 73.04 4.61 130 15.83 <0.0001* 9.25 4.61 130 2.00 0.0471* 
I 62.55 4.45 119 14.06 <0.0001* -1.24 4.45 119 -0.28 0.7811 
J 67.85 4.45 119 15.25 <0.0001* 4.05 4.45 119 0.91 0.3640 
K 66.68 4.45 119 14.99 <0.0001* 2.89 4.45 119 0.65 0.5172 
L 60.01 4.45 119 13.49 <0.0001* -3.78 4.45 119 -0.85 0.3973 
M 67.04 4.61 130 14.53 <0.0001* 3.24 4.61 130 0.70 0.4833 
N 67.30 4.62 130 14.56 <0.0001* 3.51 4.62 130 0.76 0.4496 
O 61.04 4.62 130 13.21 <0.0001* -2.75 4.62 130 -0.60 0.5525 
P 67.63 4.45 119 15.21 <0.0001* 3.84 4.45 119 0.86 0.3895 
Q 63.29 4.45 119 14.23 <0.0001* -0.50 4.45 119 -0.11 0.9111 
R 70.17 4.45 119 15.78 <0.0001* 6.38 4.45 119 1.43 0.1540 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in ear height (cm) between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL estimate’. 
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Table 4.28 Comparison of S50 (growing degree day units required for 50 percent plants to silk) estimates between MonM x 
Mp313E NILs and their parental inbreds. 
NIL Donor parent, Mp313E Recurrent parent, MonM 
 Estimate (GDU) SE DF t value Pr>ItI Estimate (GDU) SE DF t value Pr>ItI 
A 496.57 55.22 117 8.99 <0.0001* -69.39 55.22 117 -1.26 0.2113 
B 490.90 55.22 117 8.99 <0.0001* -75.06 55.22 117 -1.36 0.1766 
C 448.07 55.22 117 8.11 <0.0001* -117.89 55.22 117 -2.14 0.0348* 
E 525.79 57.42 129 9.16 <0.0001* -40.18 57.42 129 -0.70 0.4853 
F 543.89 57.42 129 9.47 <0.0001* -22.07 57.42 129 -0.38 0.7013 
G 505.74 55.22 117 9.16 <0.0001* -60.23 55.22 117 -1.09 0.2776 
H 511.25 57.42 129 8.90 <0.0001* -54.72 57.42 129 -0.95 0.3424 
I 492.07 55.22 117 8.91 <0.0001* -73.89 55.22 117 -1.34 0.1834 
J 417.90 55.22 117 7.57 <0.0001* -148.06 55.22 117 -2.68 0.0084* 
K 554.90 55.22 117 10.05 <0.0001* -11.06 55.22 117 -0.20 0.8416 
L 525.90 55.22 117 9.52 <0.0001* -40.06 55.22 117 -0.73 0.4696 
M 484.41 57.42 129 8.44 <0.0001* -81.55 57.42 129 -1.42 0.1579 
N 486.79 57.54 129 8.46 <0.0001* -79.17 57.54 129 -1.38 0.1712 
O 460.75 57.54 129 8.01 <0.0001* -105.21 57.54 129 -1.83 0.0698 
P 437.40 55.22 117 7.92 <0.0001* -128.56 55.22 117 -2.33 0.0216* 
Q 492.07 55.22 117 8.91 <0.0001* -73.89 55.22 117 -1.34 0.1834 
R 432.57 55.22 117 7.83 <0.0001* -133.39 55.22 117 -2.42 0.0172* 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in S50 (GDU) between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL estimate’.  
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Table 4.29 Comparison of P50 (growing degree day units required for 50 percent plants to shed pollen) estimates between MonM x 
Mp313E NILs and their parental inbreds. 
NIL Donor parent, Mp313E Recurrent parent, MonM 
 Estimate (GDU) SE DF t value Pr>ItI Estimate (GDU) SE DF t value Pr>ItI 
A 448.95 42.46 120 10.57 <0.0001* -52.55 42.46 120 -1.24 0.2182 
B 457.12 42.46 120 10.77 <0.0001* -44.38 42.46 120 -1.05 0.2980 
C 409.62 42.46 120 9.65 <0.0001* -91.88 42.46 120 -2.16 0.0324* 
E 486.40 44.18 132 11.01 <0.0001* -15.10 44.18 132 -0.34 0.7330 
F 485.76 44.18 132 11.00 <0.0001* -15.73 44.18 132 -0.36 0.7223 
G 462.62 42.46 120 10.90 <0.0001* -38.88 42.46 120 -0.92 0.3616 
H 483.83 44.18 132 10.95 <0.0001* -17.67 44.18 132 -0.40 0.6898 
I 458.62 42.46 120 10.80 <0.0001* -42.88 42.46 120 -1.01 0.3145 
J 394.62 42.46 120 9.29 <0.0001* -106.88 42.46 120 -2.52 0.0131* 
K 511.28 42.46 120 12.04 <0.0001* 9.78 42.46 120 0.23 0.8181 
L 511.28 42.46 120 12.04 <0.0001* 9.78 42.46 120 0.23 0.8181 
M 450.67 44.18 132 10.20 <0.0001* -50.83 44.18 132 -1.15 0.2520 
N 479.93 44.27 132 10.84 <0.0001* -21.56 44.27 132 -0.49 0.6270 
O 450.51 44.27 132 10.18 <0.0001* -50.98 44.27 132 -1.15 0.2515 
P 433.62 42.46 120 10.21 <0.0001* -67.88 42.46 120 -1.60 0.1125 
Q 473.28 42.46 120 11.15 <0.0001* -28.22 42.46 120 -0.66 0.5076 
R 409.45 42.46 120 9.64 <0.0001* -92.05 42.46 120 -2.17 0.0321* 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in P50 (GDU) between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL estimate’.  
 
98 
Table 4.30 Comparison of anthesis silking interval estimates between MonM x Mp313E NILs and their parental inbreds. 
NIL Donor parent, Mp313E Recurrent parent, MonM 
 Estimate (GDU) SE DF t value Pr>ItI Estimate (GDU) SE DF t value Pr>ItI 
A 47.07 27.67 115 1.70 0.0916 -16.30 27.67 115 -0.59 0.5569 
B 33.24 27.67 115 1.20 0.2321 -30.14 27.67 115 -1.09 0.2783 
C 37.90 27.67 115 1.37 0.1733 -25.47 27.67 115 -0.92 0.3592 
E 39.05 28.87 127 1.35 0.1786 -24.32 28.87 127 -0.84 0.4011 
F 56.79 28.87 127 1.97 0.0514 -6.58 28.87 127 -0.23 0.8200 
G 42.57 27.67 115 1.54 0.1266 -20.80 27.67 115 -0.75 0.4536 
H 27.81 28.87 127 0.96 0.3373 -35.56 28.87 127 -1.23 0.2203 
I 32.90 27.67 115 1.19 0.2368 -30.47 27.67 115 -1.10 0.2731 
J 22.74 27.67 115 0.82 0.4129 -40.64 27.67 115 -1.47 0.1446 
K 43.07 27.67 115 1.56 0.1223 -20.30 27.67 115 -0.73 0.4645 
L 14.07 27.67 115 0.51 0.6120 -49.30 27.67 115 -1.78 0.0774 
M 32.92 28.87 127 1.14 0.2564 -30.45 28.87 127 -1.05 0.2935 
N 5.69 28.94 127 0.20 0.8446 -57.69 28.94 127 -1.99 0.0484* 
O 11.58 28.94 127 0.40 0.6898 -51.79 28.94 127 -1.79 0.0759 
P 3.24 27.67 115 0.12 0.9071 -60.14 27.67 115 -2.17 0.0318* 
Q 18.24 27.67 115 0.66 0.5111 -45.14 27.67 115 -1.63 0.1055 
R 22.57 27.67 115 0.82 0.4163 -40.80 27.67 115 -1.47 0.1430 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in anthesis silking interval (GDU) between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL estimate’.  
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Table 4.31 Comparison of tassel size rating estimates between MonM x Mp313E NILs and their parental inbreds. 
NIL Donor parent, Mp313E Recurrent parent, MonM 
 Estimate SE DF t value Pr>ItI Estimate SE DF t value Pr>ItI 
A -2.88 0.58 282 -4.93 <0.0001* -0.48 0.58 282 -0.83 0.4087 
B -3.21 0.58 282 -5.50 <0.0001* -0.82 0.58 282 -1.40 0.1634 
C -2.72 0.58 282 -4.65 <0.0001* -0.32 0.58 282 -0.54 0.5880 
E -2.80 0.61 282 -4.59 <0.0001* -0.40 0.61 282 -0.66 0.5126 
F -2.80 0.61 282 -4.59 <0.0001* -0.40 0.61 282 -0.66 0.5126 
G -1.88 0.58 282 -3.22 0.0014* 0.52 0.58 282 0.88 0.3780 
H -2.00 0.61 282 -3.28 0.0012* 0.40 0.61 282 0.66 0.5126 
I -1.88 0.58 282 -3.22 0.0014* 0.52 0.58 282 0.88 0.3780 
J -2.88 0.58 282 -4.93 <0.0001* -0.48 0.58 282 -0.83 0.4087 
K -1.88 0.58 282 -3.22 0.0014* 0.52 0.58 282 0.88 0.3780 
L -1.05 0.58 282 -1.80 0.0735 1.35 0.58 282 2.31 0.0217* 
M -1.80 0.61 282 -2.95 0.0034* 0.60 0.61 282 0.98 0.3263 
N -1.76 0.61 283 -2.88 0.0043* 0.64 0.61 283 1.05 0.2948 
O -1.76 0.61 283 -2.88 0.0043* 0.64 0.61 283 1.05 0.2948 
P -2.05 0.58 282 -3.51 0.0005* 0.35 0.58 282 0.60 0.5504 
Q -1.38 0.58 282 -2.37 0.0186* 1.02 0.58 282 1.74 0.0833 
R -2.72 0.58 282 -4.65 <0.0001* -0.32 0.58 282 -0.54 0.5880 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in tassel size ratings between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL estimate’. Tassels were rated 
on a scale of 1 (8 or more branches) to 9 (no branches).  
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Table 4.32 Estimated means for the tassel size rating (TSZ) of MonM x Mp313 NILs. 
NIL Marker number and genetic position (cM) in the QTL 2.04 region TSZ † SE 
 1 2 3 4 5 6 7 8 9 10 11 12   
 76.3 81.5 84.5 87.4 91.1 96.2 98.2 98.3 99.4 103.7 109.1 112.5   
B             4.33 a 0.50 
A             4.00 ab 0.50 
J             4.00 ab 0.50 
E             3.92 ab 0.53 
F             3.92 ab 0.53 
C             3.83 ab 0.50 
R             3.83 ab 0.50 
P             3.17 bc 0.50 
H             3.12 bc 0.53 
G             3.00 bc 0.50 
I             3.00 bc 0.50 
K             3.00 bc 0.50 
M             2.92 bc 0.53 
N             2.87 bc 0.53 
O             2.87 bc 0.53 
Q             2.50 c 0.50 
L             2.17 c 0.50 
             LSD = 1.10  
Genotypic classes: Yellow color = homozygous for MonM, Orange color = homozygous for Mp313E  
SE = Standard error of the mean; † Means followed by the same letter are not significantly different at α = 0.05  
 
101 
Table 4.33 Comparison of husk coverage rating estimates between MonM x Mp313E NILs and their parental inbreds. 
NIL Donor parent, Mp313E Recurrent parent, MonM 
 Estimate SE DF t value Pr>ItI Estimate SE DF t value Pr>ItI 
A -0.01 0.26 283 -0.05 0.9589 -0.01 0.26 283 -0.05 0.9589 
B -0.01 0.26 283 -0.05 0.9589 -0.01 0.26 283 -0.05 0.9589 
C -0.01 0.26 283 -0.05 0.9589 -0.01 0.26 283 -0.05 0.9589 
E 0.00 0.27 282 0.00 1.0000 0.00 0.27 282 0.00 1.0000 
F 0.00 0.27 282 0.00 1.0000 0.00 0.27 282 0.00 1.0000 
G -0.01 0.26 283 -0.05 0.9589 -0.01 0.26 283 -0.05 0.9589 
H 0.00 0.27 282 0.00 1.0000 0.00 0.27 282 0.00 1.0000 
I -0.01 0.26 283 -0.05 0.9589 -0.01 0.26 283 -0.05 0.9589 
J -0.01 0.26 283 -0.05 0.9589 -0.01 0.26 283 -0.05 0.9589 
K 0.15 0.26 283 0.60 0.5489 0.15 0.26 283 0.60 0.5489 
L -0.01 0.26 283 -0.05 0.9589 -0.01 0.26 283 -0.05 0.9589 
M 0.00 0.27 282 0.00 1.0000 0.00 0.27 282 0.00 1.0000 
N 0.00 0.27 284 0.00 0.9988 0.00 0.27 284 0.00 0.9988 
O 0.00 0.27 284 0.00 0.9988 0.00 0.27 284 0.00 0.9988 
P -0.01 0.26 283 -0.05 0.9589 -0.01 0.26 283 -0.05 0.9589 
Q -0.01 0.26 283 -0.05 0.9589 -0.01 0.26 283 -0.05 0.9589 
R -0.01 0.26 283 -0.05 0.9589 -0.01 0.26 283 -0.05 0.9589 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in husk coverage size ratings between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL estimate’. Husk 
coverage was rated on a scale of 1 (exposed kernels) to 5 (long silk channel present).  
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Table 4.34 Comparison of secondary trait estimates of near isogenic lines H and L with their recurrent parent, MonM. 
NIL 
% reduction in 
ln_afl over RP 
PHT (cm) EHT (cm) S50 (GDUs) P50 (GDUs) ASI (GDUs) TSZ HSC 
  Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI 
MonM x Mp313E - H 11.50 15.27 0.051 9.25 0.047* -54.72 0.342 -17.67 0.690 -35.56 0.220 0.40 0.5126 0.00 1.000 
MonM x Mp313E - L 14.03 -9.94 0.188 -3.78 0.397 -40.06 0.470 9.78 0.818 -49.30 0.077 1.35 0.0217* -0.01 0.959 




MonF x Mp715 near isogenic lines 
Aflatoxin accumulation 
 When compared to their donor parent, Mp715 (4.0649 ± 0.4951), all near isogenic 
lines (NILs) accumulated significantly higher amounts of aflatoxin (Table 4.35). This was not a 
surprise given the quantitative nature of the trait and the number of quantitative trait loci (QTLs) 
already identified that contribute to Mp715 resistance, and the fact that only one was 
introgressed into the NIL via marker assisted selection. Warburton et al. (2011a) reported 12 
different QTL responsible with varied degrees of phenotypic variance ranging between 2.7 and 
18.5% in Mp715 x T173 mapping population. Those QTLs were present on chromosomes 1, 3, 
4, 5, 9, and 10. They also modeled that the cumulative phenotypic variance explained by those 
12 QTLs would measure up to 45.7%. Smith et al. (2019b) reported six QTL providing 
resistance to aflatoxin accumulation in the mapping population of Mp715 x Va35 cross. They 
also modeled that the cumulative phenotypic variance explained by those QTLs would measure 
up to 61%. 
Since MonF was comparatively more susceptible to aspergillus ear rot than MonM 
according to Bayer Company’s unpublished data, it was postulated to respond better for the 
introgression of QTL 5.03 from Mp715. However, the recurrent parents did not differ in 
aflatoxin accumulation measured in the current experiment (Table 4.3). Even though there was a 
significant interaction between recurrent and donor parents according to table 4.4, the differences 
in the estimated means were not statistically significant between the NILs of MonF x Mp715 and 
MonM x Mp715 (-0.1087 ± 0.1543, p = 0.4827). This suggests that the response of both MonF 
and MonM to the introgression of QTL 5.03 was similar. 
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When compared to their recurrent parent, MonF (7.9425 ± 0.4069), the near isogenic 
lines E and H of MonF x Mp715 cross significantly improved their resistance to aflatoxin 
accumulation. The reduction in the percentage of aflatoxin accumulation ranged between 4.09 
(NIL K) and 23.53 (NIL H) in comparison to their recurrent parent. Two out of 15 NILs were 
adversely affected by the introgression of the QTL region and became more susceptible than the 
recurrent parent (Table 4.36). Near isogenic lines D (p = 0.0871) and I (p = 0.0609) were also on 
the verge of becoming statistically significant compared to MonF. As mentioned before, adding 
more donor parent alleles in the QTL region should theoretically increase the resistance to 
aflatoxin accumulation. According to this conventional wisdom, NIL O contains the maximum 
number of donor parent alleles in the QTL region and should be the most improved one 
compared to recurrent parent. Even though NIL O improved its resistance, but it was statistically 
not significant. Next, when the NILs A and B were compared to each other, their response to 
aflatoxin accumulation was extremely different with an addition of one donor parent allele at 
marker 8 position. When the profile transition of NILs E, F, and G was considered, it seems that 
the donor parent allele at marker position 3 was not actively contributing towards the aflatoxin 
accumulation resistance. This supposition appears to be true by comparing the marker profiles of 
NILs H, I, J, and K where the addition of donor parent allele at markers 3, 4, and 5 was not 
adding any resistance to the NILs. However, NIL H with the least amount of donor parent alleles 
in its marker profile was the most resistant NIL from this cross suggesting the role of residual 
donor parent genome on the aflatoxin accumulation resistance.  
The percentage genetic similarity between MonF and Mp715 was 52.48 which equal to 
18056 marker positions across their genome. This also means that they still differ at 16351 
polymorphic markers which need to be fixed to recover the 100% of the recurrent parent genome 
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in the NIL background. However, only a meagre amount of 68 polymorphic markers were used 
during the background selection, leaving a significantly higher amount of donor parent alleles in 
the non-QTL regions of the genome. Some of those non-QTL regions might be representing any 
of the several QTLs identified earlier and thereby adding resistance in the NILs. However, a 
significantly greater amount of genetic similarity between MonF and NIL E as well as between 
MonF and NIL H suggests that the polymorphic markers used in this experiment represented the 
entire genome. This also suggests that the resistance observed in NIL E and H could be attributed 
to the QTL 5.03 from donor parent Mp715. Compared to the QTL 2.04 of Mp313E, QTL 5.03 
was smaller in size spanning over 19.8 cM on chromosome 5 explaining about 19% of the 
observed phenotypic variation.  
An interesting contrast made between NILs of MonF x Mp313E and MonF x Mp715 was 
that the ‘maximum percentage reduction’ over their respective recurrent parents was remarkably 
similar (Table 4.10 and table 4.36), but the average percentage reduction was more consistent in 
MonF x Mp313E NILs. Another interesting similarity between the two NILs of MonF x Mp313E 
and MonF x Mp715 crosses that improved their resistance to the maximum percentage was that 
both their marker profiles contains either left or right flanking markers only. This raises a valid 
question of ‘how much the reduction in aflatoxin accumulation is due to the introgression?’. This 
should be a coincidence rather than a trend as they differ in their introgressed QTLs. Since the 
NILs derived from MonF x Mp313E and MonF x Mp715 crosses consistently improved their 
resistance over the recurrent parent, MonF should be a considered an exceptionally reliable 
recurrent parent in any future introgression studies.  
When the 15 NILs were compared to each other, the most resistant and the most 
susceptible NILs were H and B with a natural log-transformed aflatoxin content of 6.07 ± 0.50 
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and 8.28 ± 0.41, respectively (Table 4.37). The profiles of all NILs were arranged in the 
decreasing order of aflatoxin accumulation in table 4.37 to visually weigh the effect of different 
markers. Even though may not be accurate, marker 3 through 7 appears to be consistently 
contributing towards the resistance to aflatoxin accumulation in the most-resistant NILs but in 
some less- resistant NILs too; marker 1 and 2 appears to be next in the order of importance as 
they overlap in the NILs that were most-resistant and moderately resistant; and markers 8, 9, and 
10 seems to be the least important ones as they dispersed among most-resistant, medium-
resistant and least-resistant NILs. Genetic positions between marker 3 and 7 corresponds to 67.4 
cM and 75.2 cM on chromosome 5, respectively.  
Owing to the manner how the marker profiles were envisioned in this experiment, there 
was no feasible way to decipher the weightages of each marker in providing resistance to 
aflatoxin accumulation. Since several of the markers between different NILs overlapped and 
there was no conceivable way to give weightage to the markers, it would be wiser to envision the 
entire QTL region as responsible for aflatoxin accumulation resistance rather than focusing on 
specific marker positions. Also, the results from previous QTL mapping projects suspected that 
the effect of aflatoxin accumulation resistant QTLs was highly influenced by the background 
component, and environment (or a combination of both). This means that even smaller 
improvements in the aflatoxin accumulation resistance of NILs should be considered as a success 




Table 4.35 Comparison of natural log-transformed aflatoxin estimates between donor parent, Mp715, and MonF x Mp715 NILs. 






NIL 1 2 3 4 5 6 7 8 9 10      
  59.8 64.8 67.4 68.5 73.1 73.3 75.2 76 78.3 80.1      
Mp715 A           -2.9780 0.6254 107 -4.76 <0.0001* 
Mp715 B           -4.2106 0.6254 107 -6.73 <0.0001* 
Mp715 C           -3.4511 0.6254 107 -5.52 <0.0001* 
Mp715 D           -2.9140 0.6254 107 -4.66 <0.0001* 
Mp715 E           -2.4326 0.6405 115 -3.80 0.0002* 
Mp715 F           -3.4074 0.6405 115 -5.32 <0.0001* 
Mp715 G           -3.9178 0.6254 107 -6.26 <0.0001* 
Mp715 H           -2.0087 0.6836 107 -2.94 0.0040* 
Mp715 I           -2.8202 0.6254 107 -4.51 <0.0001* 
Mp715 J           -3.2183 0.6405 115 -5.02 <0.0001* 
Mp715 K           -3.5525 0.6254 107 -5.68 <0.0001* 
Mp715 L           -2.8406 0.6836 107 -4.16 <0.0001* 
Mp715 M           -3.0661 0.6405 115 -4.79 <0.0001* 
Mp715 N           -3.0615 0.6254 107 -4.90 <0.0001* 
Mp715 O           -3.1381 0.6254 107 -5.02 <0.0001* 
Genotypic classes: Yellow color = homozygous for MonF, Orange color = homozygous for Mp715; SE = Standard error of the 
difference between means; DF = Degrees of freedom; *Significant at α=0.05; Estimate is the difference in the natural log-transformed 
aflatoxin content between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL estimate’.  
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Table 4.36 Comparison and percentage reduction of natural log-transformed aflatoxin estimates between recurrent parent, MonF, 
and MonF x Mp715 NILs. 






NIL 1 2 3 4 5 6 7 8 9 10       
  59.8 64.8 67.4 68.5 73.1 73.3 75.2 76 78.3 80.1       
MonF A           0.8997 0.5581 107 1.61 0.1099 11.33 
MonF B           -0.3329 0.5581 107 -0.60 0.5521 -4.19 
MonF C           0.4265 0.5581 107 0.76 0.4464 5.37 
MonF D           0.9637 0.5581 107 1.73 0.0871 12.13 
MonF E           1.4451 0.5757 117 2.51 0.0134* 18.19 
MonF F           0.4702 0.5757 117 0.82 0.4157 5.92 
MonF G           -0.0401 0.5581 107 -0.07 0.9428 -0.51 
MonF H           1.8689 0.6254 107 2.99 0.0035* 23.53 
MonF I           1.0574 0.5581 107 1.89 0.0609 13.31 
MonF J           0.6593 0.5757 117 1.15 0.2545 8.30 
MonF K           0.3251 0.5581 107 0.58 0.5615 4.09 
MonF L           1.0370 0.6254 107 1.66 0.1002 13.06 
MonF M           0.8116 0.5757 117 1.41 0.1613 10.22 
MonF N           0.8161 0.5581 107 1.46 0.1466 10.28 
MonF O           0.7396 0.5581 107 1.33 0.1880 9.31 
Genotypic classes: Yellow color = homozygous for MonF, Orange color = homozygous for Mp715; SE = Standard error of the 
difference between means; RP = Recurrent parent; DF = Degrees of freedom; *Significant at α=0.05; Estimate is the difference in the 




Table 4.37 Estimated means for the aflatoxin accumulation of MonF x Mp715 NILs. 
NIL Marker number and genetic position (cM) in the QTL 5.03 region Ln (Afl B1 +1) x † Aflatoxin B1y SE 
 1 2 3 4 5 6 7 8 9 10  ng g-1  
 59.8 64.8 67.4 68.5 73.1 73.3 75.2 76 78.3 80.1    
B           8.28 a 3926.09 0.4069 
G           7.98 ab 2929.83 0.4069 
K           7.62 abc 2033.27 0.4069 
C           7.52 abc 1837.20 0.4069 
F           7.47 abc 1758.65 0.4307 
J           7.28 abcd 1455.64 0.4307 
O           7.20 abcd 1343.46 0.4069 
M           7.13 bcd 1250.13 0.4307 
N           7.13 bcd 1244.39 0.4069 
A           7.04 bcd 1144.59 0.4069 
D           6.98 bcd 1073.63 0.4069 
L           6.91 bcd 997.75 0.4951 
I           6.89 bcd 977.60 0.4069 
E           6.50 cd 663.41 0.4307 
H           6.07 d 434.24 0.4951 
           LSDz = 1.105 LSRz = 3.019  
Genotypic classes: Yellow color = homozygous for MonF, Orange color = homozygous for Mp715; SE = Standard error of the mean; 
x: ln (Afl B1 + 1) = natural log of (aflatoxin B1 + 1); † Means followed by the same letter are not significantly different at α = 0.05; y: 
Total aflatoxin concentrations, expressed in ng g-1, are geometric means of the original data; z: The groupings can be derived using the 




Secondary agronomic traits 
Near isogenic lines E and H were the most improved ones in terms of reducing the 
aflatoxin accumulation compared to their recurrent parent, MonF. The NIL H with a natural log-
transformed aflatoxin content of 6.07 ± 0.50 was a 23.53 percent improvement over its recurrent 
parent, MonF. The second-best NIL, E (6.50 ± 0.43), reduced its aflatoxin content by 18.19 
percent over its recurrent parent, MonF (7.94 ± 0.41) (Table 4.36). Since NILs E and H 
improved their resistance significantly over their recurrent parent, it would be logical and 
beneficial to see whether they have achieved that resistance without sacrificing the secondary 
agronomic traits.  
All NILs were significantly short statured than their donor parent, Mp715 (164.19 ± 19 
cm), and none of them were significantly different from their recurrent parent, MonF (124.67 ± 
18.64 cm). Near isogenic line H (140.37 ± 19 cm) whose aflatoxin accumulation resistance 
improved by 23.53 percent over MonF, grew 15.70 cm taller than recurrent parent. Whereas, 
NIL E (120.43 ± 18.76 cm) whose resistance improved by 18.19 percent over MonF, grew 4.24 
cm shorter than MonF. Even though, the plant height of NIL H was not significantly different 
than the recurrent parent at alpha level 0.05, it was certainly on the border of considering taller (p 
= 0.055) (Table 4.38). The average differences in plant heights between NILs were not 
significant (p = 0.5280, Table 4.6), and hence the results of their multiple comparisons are not 
presented here. Among the 15 NILs, the plant height ranged between 118.34 ± 18.76 cm in NIL 
F and 140.37 ± 19 cm in NIL H. 
Ear placement of all NILs was significantly lower compared to their donor parent, Mp715 
(115.82 ± 9.44 cm). When compared to their recurrent parent, MonF (45.93 ± 9.19 cm), only 
NIL A and H were significantly high ear placed and all others did not differ significantly. Even 
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though, NIL H improved its aflatoxin accumulation resistance by 23.53 percent over its recurrent 
parent, its ear placement (64.07 ± 9.44 cm) got worse by moving 18.14 cm higher than the MonF 
ear placement. Whereas, the ear height of the second-best resistant near isogenic line, E (45.46 ± 
9.27 cm), was remarkably similar to that of its recurrent parent, MonF (Table 4.39). The average 
differences in ear heights between NILs were significantly different (Table 4.6), and hence the 
results of their multiple comparisons are presented here. Among the 15 near isogenic lines, the 
ear height ranged between 41.80 ± 9.27 cm and 64.07 ± 9.44 cm in NILs M and H, respectively 
(Table 4.40). 
All NILs produced silks significantly earlier than their donor parent, Mp715 (2309.38 ± 
66.44 GDUs), whereas the silking of some NILs was significantly delayed compared to the 
recurrent parent, MonF (1521.17 ± 60.85 GDUs). Near isogenic lines E and H, the two most 
aflatoxin accumulation resistant NILs compared to their recurrent parent, silked significantly 
later than their recurrent parent, MonF. The delay in silking was 193.76 GDUs in NIL E 
(1714.93 ± 62.94 GDUs) and 124.72 GDUs in NIL H (1645.88 ± 66.44 GDUs) (Table 4.41). The 
delay in silking would amount to 11 and 7 days, respectively, assuming an average daily 
maximum temperature of 86oF during flowering. The average differences in S50 values between 
NILs were significantly different (Table 4.6), and hence the results of their multiple comparisons 
are presented here. Among the 15 NILs, S50 ranged between 1530.33 ± 60.85 GDUs in NIL B 
and 1731 ± 60.85 GDUs in NIL O (Table 4.42). 
All NILs were significantly earlier in shedding their pollen compared to their donor 
parent, Mp715 (2193.51 ± 55.12 GDUs). Majority of the NILs were significantly late in pollen 
shed compared to their recurrent parent, MonF (1521.50 ± 51.17 GDUs). The two most aflatoxin 
accumulation resistant NILs, E and H, also shed their pollen significantly later than MonF. The 
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delay in pollen shed was 150.79 GDUs in NIL E (1672.29 ± 52.66 GDUs) and 129.51 GDUs in 
NIL H (1651.01 ± 55.12 GDUs) (Table 4.43). The delay in silking would amount to 8 and 7 
days, respectively, assuming an average daily maximum temperature of 86oF during flowering 
time. The average differences in P50 values between NILs were not significant (p = 0.0528, 
Table 4.6), and hence the results of their multiple comparisons are not presented here. Among 
the 15 NILs, P50 values ranged between 1530.50 ± 51.17 GDUs in NIL B and 1672.29 ± 52.66 
GDUs in NIL E. 
Except NIL O, all others had significantly narrower anthesis silking intervals compared 
to their donor parent, Mp715 (115.44 ± 23.56 GDUs). Majority of the NILS were not 
significantly different in ASI when compared to their recurrent parent, MonF (-0.33 ± 19.43 
GDUs). The two most aflatoxin accumulation resistant NILs, E and H, were also not 
significantly different from MonF. As mentioned earlier, anthesis silking intervals sometimes 
offset the delay in silking and pollen shed and provide a notion of ‘all is well’. At the same time, 
anthesis silking intervals are also especially important as that is a measure of successful seed 
setting. Even though the anthesis silking intervals of NILs E and H were not significantly 
different from their recurrent parent, MonF, it does not mean their silking and pollen shed 
timings were same as MonF. They both delayed their silking and anthesis significantly, but the 
interval did not widen which ensures successful seed setting (Table 4.44). The anthesis silking 
interval of NIL H was -5.56 ± 23.56 GDUs, and that of NIL E was 41.27 ± 21.19 GDUs. The 
average differences in anthesis silking intervals between NILs were not significant (p = 0.0886, 
Table 4.6), and hence the results of their multiple comparisons are not presented here. Among 
the 15 NILs, ASI values ranged between -12.81 ± 23.56 GDUs in NIL L and 69.17 ± 19.43 
GDUs in NIL O. 
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Tassel size ratings of all NILs were significantly greater than donor parent, Mp715 (1.24 
± 0.57), which means all their tassels were smaller in size and less branched. When compared to 
their recurrent parent, MonF (6.50 ± 0.50), seven out of 15 NILs were significantly different in 
their tassel size ratings by increasing their tassel sizes and branching. It needs a reminder that 
higher the tassel size ranking, smaller the tassel size and fewer the branches. The two most 
aflatoxin accumulation resistant NILs, E and H, also improved their tassel branching (4.87 ± 0.53 
and 4.99 ± 0.57, respectively) compared to MonF (Table 4.45). Since MonF belongs to female 
heterotic group for which the tassel size rating is not an important trait to select for, any 
improvements in tassel size and branching should be considered as ‘positive development’. The 
average differences in tassel size ratings between NILs were not significant (p = 0.0563, Table 
4.6), and hence the results of their multiple comparisons are not presented here. Among the 15 
NILs, tassel size ratings ranged between 4.83 ± 0.50 and 6.67 ± 0.50 in NILs A and I, 
respectively. 
Except NIL I, all others were significantly lower in their husk coverage ratings when 
compared to donor parent, Mp715 (4.97 ± 0.22). Compared to their recurrent parent, MonF (3.83 
± 0.18), three out of 15 NILs were significantly different in their husk coverage ratings. 
According to the rating scale used in this study, higher the husk coverage rating, tighter the husks 
along with longer silk channel covering the ear tips. The two most aflatoxin accumulation 
resistant NILs, E and H, did not differ significantly with MonF in their husk coverage ratings 
(3.79 ± 0.19 and 3.97 ± 0.22, respectively) which was not very encouraging (Table 4.46). The 
average differences in husk coverage ratings between NILs were significantly different (Table 
4.6), and hence the results of their multiple comparisons are presented here. Among the 15 NILs, 
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husk coverage ratings ranged between 3.33 ± 0.18 and 4.50 ± 0.18 in NILs N and I, respectively 
(Table 4.47). 
Compared to MonF, the two most aflatoxin accumulation resistant NILs, E and H, 
differed significantly in some especially important secondary agronomic traits. Table 4.48 
consolidated the comparisons of all secondary agronomic traits of NILs E and H with respect to 
their recurrent parent, MonF. Following the same criterion explained in page 69, each of those 
two NILs was measured by its overall negative, positive, or neutral effects for all secondary traits 
to determine which NIL was better among them. The near isogenic line E had negative effects on 
S50 and P50 values as they both were significantly greater than the recurrent parent, and positive 
effect on tassel size ratings as it was improved over MonF. Plant height, ear height, anthesis 
silking interval, and husk coverage ratings of NIL E fell under ‘neutral effects’ category as they 
were not significantly different from MonF.  
The near isogenic line H had negative effects on plant height, ear height, S50, and P50 
traits as their values moved towards the ‘undesirable’ spectrum compared to their recurrent 
parent, MonF. It had positive effect on tassel size ratings compared to MonF and neutral effects 
on both anthesis silking interval and husk coverage ratings. Overall, NIL E seems to be a better 
recurrent parent than NIL H in future introgression studies even though its resistance to aflatoxin 
accumulation was slightly less than NIL H. The flowering delay of NIL E could be corrected by 
the selection of individual plants against photoperiodism either in field or in the lab by using 




Table 4.38 Comparison of plant height estimates between MonF x Mp715 NILs and their parental inbreds. 
NIL Donor parent, Mp715 Recurrent parent, MonF 
 Estimate (cm) SE DF t value Pr>ItI Estimate (cm) SE DF t value Pr>ItI 
A 34.65 8.09 107 4.28 <0.0001* -4.87 7.22 107 -0.67 0.5019 
B 36.45 8.09 107 4.50 <0.0001* -3.07 7.22 107 -0.42 0.6718 
C 40.71 8.09 107 5.03 <0.0001* 1.19 7.22 107 0.17 0.8685 
D 34.22 8.09 107 4.23 <0.0001* -5.29 7.22 107 -0.73 0.4655 
E 43.75 8.34 116 5.25 <0.0001* 4.24 7.51 119 0.56 0.5733 
F 45.85 8.34 116 5.50 <0.0001* 6.33 7.51 119 0.84 0.4066 
G 43.64 8.09 107 5.39 <0.0001* 4.13 7.22 107 0.57 0.5690 
H 23.81 8.85 107 2.69 0.0083* -15.70 8.09 107 -1.94 0.0550 
I 35.18 8.09 107 4.35 <0.0001* -4.34 7.22 107 -0.60 0.5494 
J 34.99 8.34 116 4.20 <0.0001* -4.53 7.51 119 -0.60 0.5475 
K 39.20 8.09 107 4.84 <0.0001* -0.32 7.22 107 -0.04 0.9650 
L 30.80 8.85 107 3.48 0.0007* -8.72 8.09 107 -1.08 0.2838 
M 37.00 8.34 116 4.44 <0.0001* -2.51 7.51 119 -0.33 0.7385 
N 40.68 8.09 107 5.03 <0.0001* 1.16 7.22 107 0.16 0.8723 
O 36.87 8.09 107 4.56 <0.0001* -2.65 7.22 107 -0.37 0.7149 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 




Table 4.39 Comparison of ear height estimates between MonF x Mp715 NILs and their parental inbreds. 
NIL Donor parent, Mp715 Recurrent parent, MonF 
 Estimate (cm) SE DF t value Pr>ItI Estimate (cm) SE DF t value Pr>ItI 
A 61.42 4.78 106 12.85 <0.0001* -8.47 4.27 106 -1.98 0.0499* 
B 66.29 4.78 106 13.86 <0.0001* -3.60 4.27 106 -0.84 0.4012 
C 65.80 4.78 106 13.76 <0.0001* -4.09 4.27 106 -0.96 0.3399 
D 65.34 4.78 106 13.66 <0.0001* -4.55 4.27 106 -1.07 0.2888 
E 70.36 4.94 116 14.25 <0.0001* 0.47 4.45 119 0.11 0.9158 
F 72.30 4.94 116 14.65 <0.0001* 2.41 4.45 119 0.54 0.5891 
G 72.22 4.78 106 15.10 <0.0001* 2.33 4.27 106 0.55 0.5866 
H 51.75 5.23 106 9.90 <0.0001* -18.14 4.78 106 -3.79 0.0002* 
I 68.30 4.78 106 14.28 <0.0001* -1.59 4.27 106 -0.37 0.7107 
J 67.34 4.94 116 13.64 <0.0001* -2.55 4.45 119 -0.57 0.5669 
K 69.26 4.78 106 14.48 <0.0001* -0.64 4.27 106 -0.15 0.8820 
L 64.61 5.23 106 12.36 <0.0001* -5.28 4.78 106 -1.10 0.2720 
M 74.02 4.94 116 15.00 <0.0001* 4.13 4.45 119 0.93 0.3546 
N 70.00 4.78 106 14.64 <0.0001* 0.11 4.27 106 0.02 0.9803 
O 65.45 4.78 106 13.69 <0.0001* -4.45 4.27 106 -1.04 0.3001 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 




Table 4.40 Estimated means for the ear height of MonF x Mp715 NILs. 
NIL Marker number and genetic position (cM) in the QTL 5.03 region Ear height (cm) † SE 
 1 2 3 4 5 6 7 8 9 10   
 59.8 64.8 67.4 68.5 73.1 73.3 75.2 76 78.3 80.1   
H           64.07 a 9.44 
A           54.40 b 9.19 
L           51.21 bc 9.44 
D           50.48 bc 9.19 
O           50.38 bc 9.19 
C           50.02 bc 9.19 
B           49.53 bc 9.19 
J           48.49 bc 9.27 
I           47.52 bc 9.19 
K           46.57 bc 9.19 
N           45.83 c 9.19 
E           45.46 c 9.27 
G           43.60 c 9.19 
F           43.52 c 9.27 
M           41.80 c 9.27 
           LSD = 8.45  
Genotypic classes: Yellow color = homozygous for MonF, Orange color = homozygous for Mp715  
SE = Standard error of the mean; † Means followed by the same letter are not significantly different at α = 0.05  
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Table 4.41 Comparison of S50 (growing degree day units required for 50 percent plants to silk) estimates between MonF x Mp715 
NILs and their parental inbreds. 
NIL Donor parent, Mp715 Recurrent parent, MonF 
 Estimate (GDU) SE DF t value Pr>ItI Estimate (GDU) SE DF t value Pr>ItI 
A 677.88 59.18 105 11.46 <0.0001* -110.33 52.83 105 -2.09 0.0392* 
B 779.05 59.18 105 13.17 <0.0001* -9.17 52.83 105 -0.17 0.8626 
C 701.38 59.18 105 11.85 <0.0001* -86.83 52.83 105 -1.64 0.1032 
D 652.88 59.18 105 11.03 <0.0001* -135.33 52.83 105 -2.56 0.0118* 
E 594.45 61.24 115 9.71 <0.0001* -193.76 55.22 117 -3.51 0.0006* 
F 644.19 61.24 115 10.52 <0.0001* -144.03 55.22 117 -2.61 0.0103* 
G 610.72 59.18 105 10.32 <0.0001* -177.50 52.83 105 -3.36 0.0011* 
H 663.50 64.70 105 10.25 <0.0001* -124.72 59.18 105 -2.11 0.0375* 
I 696.55 59.18 105 11.77 <0.0001* -91.67 52.83 105 -1.74 0.0856 
J 687.56 61.24 115 11.23 <0.0001* -100.66 55.22 117 -1.82 0.0709 
K 735.88 59.18 105 12.44 <0.0001* -52.33 52.83 105 -0.99 0.3241 
L 685.25 64.70 105 10.59 <0.0001* -102.97 59.18 1 05 -1.74 0.0848 
M 650.42 61.24 115 10.62 <0.0001* -137.80 55.22 11 7 -2.50 0.0140* 
N 663.05 59.18 105 11.20 <0.0001* -125.17 52.83 105 -2.37 0.0197* 
O 578.38 59.18 105 9.77 <0.0001* -209.83 52.83 105 -3.97 0.0001* 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in S50 (GDU) between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL estimate’.  
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Table 4.42 Estimated means for the S50 (growing degree day units required for 50 percent plants to silk) of MonF x Mp715 NILs. 
NIL Marker number and genetic position (cM) in the QTL 5.03 region S50 (GDU) † SE 
 1 2 3 4 5 6 7 8 9 10   
 59.8 64.8 67.4 68.5 73.1 73.3 75.2 76 78.3 80.1   
O           1731.00 a 60.85 
E           1714.93 ab 62.94 
G           1698.67 ab 60.85 
F           1665.20 abc 62.94 
M           1658.96 abc 62.94 
D           1656.50 abc 60.85 
N           1646.33 abc 60.85 
H           1645.88 abcd 66.44 
A           1631.50 abcd 60.85 
L           1624.13 abcd 66.44 
J           1621.82 abcd 62.94 
I           1612.83 bcd 60.85 
C           1608.00 bcd 60.85 
K           1573.50 cd 60.85 
B           1530.33 d 60.85 
           LSD = 104.58  
Genotypic classes: Yellow color = homozygous for MonF, Orange color = homozygous for Mp715  
SE = Standard error of the mean; † Means followed by the same letter are not significantly different at α = 0.05  
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Table 4.43 Comparison of P50 (growing degree day units required for 50 percent plants to shed pollen) estimates between MonF x 
Mp715 NILs and their parental inbreds. 
NIL Donor parent, Mp715 Recurrent parent, MonF 
 Estimate (GDU) SE DF t value Pr>ItI Estimate (GDU) SE DF t value Pr>ItI 
A 586.34 45.47 107 12.90 <0.0001* -85.67 40.59 107 -2.11 0.0371* 
B 663.01 45.47 107 14.58 <0.0001* -9.00 40.59 107 -0.22 0.8249 
C 590.84 45.47 107 12.99 <0.0001* -81.17 40.59 107 -2.00 0.0481* 
D 566.51 45.47 107 12.46 <0.0001* -105.50 40.59 107 -2.60 0.0107* 
E 521.22 47.08 117 11.07 <0.0001* -150.79 42.46 120 -3.55 0.0005* 
F 569.07 47.08 117 12.09 <0.0001* -102.94 42.46 120 -2.42 0.0168* 
G 527.51 45.47 107 11.60 <0.0001* -144.50 40.59 107 -3.56 0.0006* 
H 542.50 49.71 107 10.91 <0.0001* -129.51 45.47 107 -2.85 0.0053* 
I 571.17 45.47 107 12.56 <0.0001* -100.83 40.59 107 -2.48 0.0145* 
J 584.80 47.08 117 12.42 <0.0001* -87.21 42.46 120 -2.05 0.0421* 
K 625.01 45.47 107 13.75 <0.0001* -47.00 40.59 107 -1.16 0.2495 
L 557.00 49.71 107 11.20 <0.0001* -115.01 45.47 107 -2.53 0.0129* 
M 533.63 47.08 117 11.33 <0.0001* -138.37 42.46 120 -3.26 0.0015* 
N 600.67 45.47 107 13.21 <0.0001* -71.33 40.59 107 -1.76 0.0817 
O 531.67 45.47 107 11.69 <0.0001* -140.33 40.59 107 -3.46 0.0008* 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in P50 (GDU) between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL estimate’.  
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Table 4.44 Comparison of anthesis silking interval estimates between MonF x Mp715 NILs and their parental inbreds. 
NIL Donor parent, Mp715 Recurrent parent, MonF 
 Estimate (GDU) SE DF t value Pr>ItI Estimate (GDU) SE DF t value Pr>ItI 
A 91.11 29.52 103 3.09 0.0026* -24.67 26.35 102 -0.94 0.3513 
B 115.61 29.52 103 3.92 0.0002* -0.17 26.35 102 -0.01 0.9950 
C 110.11 29.52 103 3.73 0.0003* -5.67 26.35 102 -0.22 0.8301 
D 85.94 29.52 103 2.91 0.0044* -29.83 26.35 102 -1.13 0.2601 
E 74.17 30.65 113 2.42 0.0171* -41.60 27.67 115 -1.50 0.1354 
F 74.36 30.65 113 2.43 0.0169* -41.42 27.67 115 -1.50 0.1371 
G 82.94 29.52 103 2.81 0.0059* -32.83 26.35 102 -1.25 0.2155 
H 121.00 32.27 102 3.75 0.0003* 5.22 29.52 103 0.18 0.8599 
I 124.94 29.52 103 4.23 <0.0001* 9.17 26.35 102 0.35 0.7286 
J 103.98 30.65 113 3.39 0.0010* -11.80 27.67 115 -0.43 0.6705 
K 110.44 29.52 103 3.74 0.0003* -5.33 26.35 102 -0.20 0.8400 
L 128.25 32.27 102 3.97 0.0001* 12.47 29.52 103 0.42 0.6735 
M 115.59 30.65 113 3.77 0.0003* -0.19 27.67 115 -0.01 0.9946 
N 61.94 29.52 103 2.10 0.0383* -53.83 26.35 102 -2.04 0.0436* 
O 46.28 29.52 103 1.57 0.1201 -69.50 26.35 102 -2.64 0.0096* 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05; Estimate is the difference in 
anthesis silking interval (GDU) between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL estimate’.  
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Table 4.45 Comparison of tassel size rating estimates between MonF x Mp715 NILs and their parental inbreds. 
NIL Donor parent, Mp715 Recurrent parent, MonF 
 Estimate SE DF t value Pr>ItI Estimate SE DF t value Pr>ItI 
A -3.59 0.62 282 -5.76 <0.0001* 1.67 0.56 282 2.99 0.0030* 
B -4.59 0.62 282 -7.36 <0.0001* 0.67 0.56 282 1.20 0.2323 
C -3.76 0.62 282 -6.03 <0.0001* 1.50 0.56 282 2.69 0.0075* 
D -4.59 0.62 282 -7.36 <0.0001* 0.67 0.56 282 1.20 0.2323 
E -3.64 0.65 282 -5.61 <0.0001* 1.63 0.58 282 2.78 0.0058* 
F -4.44 0.65 282 -6.85 <0.0001* 0.83 0.58 282 1.41 0.1591 
G -4.76 0.62 282 -7.63 <0.0001* 0.50 0.56 282 0.90 0.3701 
H -3.75 0.68 282 -5.50 <0.0001* 1.51 0.62 282 2.42 0.0160* 
I -5.43 0.62 282 -8.70 <0.0001* -0.17 0.56 282 -0.30 0.7650 
J -4.44 0.65 282 -6.85 <0.0001* 0.83 0.58 282 1.41 0.1591 
K -4.09 0.62 282 -6.56 <0.0001* 1.17 0.56 282 2.09 0.0371* 
L -3.75 0.68 282 -5.50 <0.0001* 1.51 0.62 282 2.42 0.0160* 
M -4.84 0.65 282 -7.46 <0.0001* 0.43 0.58 282 0.73 0.4674 
N -4.43 0.62 282 -7.10 <0.0001* 0.83 0.56 282 1.50 0.1357 
O -3.93 0.62 282 -6.30 <0.0001* 1.33 0.56 282 2.39 0.0173* 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in tassel size ratings between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL 
estimate’. Tassels were rated on a scale of 1 (8 or more tassel branches) to 9 (no branches).  
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Table 4.46 Comparison of husk coverage rating estimates between MonF x Mp715 NILs and their parental inbreds. 
NIL Donor parent, Mp715 Recurrent parent, MonF 
 Estimate SE DF t value Pr>ItI Estimate SE DF t value Pr>ItI 
A 1.13 0.27 283 4.15 <0.0001* 0.00 0.24 282 0.00 1.0000 
B 1.30 0.27 283 4.77 <0.0001* 0.17 0.24 282 0.68 0.4944 
C 1.47 0.27 283 5.38 <0.0001* 0.33 0.24 282 1.37 0.1722 
D 1.13 0.27 283 4.15 <0.0001* 0.00 0.24 282 0.00 1.0000 
E 1.18 0.28 283 4.17 <0.0001* 0.05 0.26 283 0.18 0.8569 
F 1.38 0.28 283 4.87 <0.0001* 0.25 0.26 283 0.96 0.3366 
G 0.63 0.27 283 2.32 0.0209* -0.50 0.24 282 -2.05 0.0410* 
H 1.00 0.30 282 3.35 0.0009* -0.13 0.27 283 -0.49 0.6235 
I 0.47 0.27 283 1.71 0.0879 -0.67 0.24 282 -2.74 0.0066* 
J 1.38 0.28 283 4.87 <0.0001* 0.25 0.26 283 0.96 0.3366 
K 0.80 0.27 283 2.93 0.0036* -0.33 0.24 282 -1.37 0.1722 
L 1.00 0.30 282 3.35 0.0009* -0.13 0.27 283 -0.49 0.6235 
M 1.38 0.28 283 4.87 <0.0001* 0.25 0.26 283 0.96 0.3366 
N 1.63 0.27 283 5.99 <0.0001* 0.50 0.24 282 2.05 0.0410* 
O 1.47 0.27 283 5.38 <0.0001* 0.33 0.24 282 1.37 0.1722 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in husk coverage ratings between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL 
estimate’. Husk coverage was rated on a scale of 1 (exposed kernels) to 5 (long silk channel present).  
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Table 4.47 Estimated means for the husk coverage rating (HSC) of MonF x Mp715 NILs. 
NIL Marker number and genetic position (cM) in the QTL 5.03 region HSC † SE 
 1 2 3 4 5 6 7 8 9 10   
 59.8 64.8 67.4 68.5 73.1 73.3 75.2 76 78.3 80.1   
I           4.50 a 0.18 
G           4.33 a 0.18 
K           4.17 ab 0.18 
H           3.97 abc 0.22 
L           3.97 abc 0.22 
A           3.83 bc 0.18 
D           3.83 bc 0.18 
E           3.79 bcd 0.19 
B           3.67 cd 0.18 
F           3.59 cd 0.19 
J           3.59 cd 0.19 
M           3.59 cd 0.19 
C           3.50 cd 0.18 
O           3.50 cd 0.18 
N           3.33 d 0.18 
           LSD = 0.48  
Genotypic classes: Yellow color = homozygous for MonF, Orange color = homozygous for Mp715  
SE = Standard error of the mean; † Means followed by the same letter are not significantly different at α = 0.05  
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PHT (cm) EHT (cm) S50 (GDUs) P50 (GDUs) ASI (GDUs) TSZ HSC 
Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI 
MonF x Mp715 - E 18.19 4.24 0.573 0.47 0.916 -193.76 0.0006* -150.79 0.0005* -41.60 0.135 1.63 0.0058* 0.05 0.857 
MonF x Mp715 - H 23.53 -15.70 0.055 -18.14 0.0002* -124.72 0.038* -129.51 0.005* 5.22 0.860 1.51 0.0160* -0.13 0.623 





MonM x Mp715 near isogenic lines 
Aflatoxin accumulation 
When compared to their donor parent, Mp715 (4.0649 ± 0.4951), all the near isogenic 
lines (NILs) accumulated significantly greater amounts of aflatoxin in their grain (Table 4.49). 
The results were no surprise given the fact that aflatoxin accumulation resistance usually 
controlled by several QTLs and the possibility of converting a susceptible line into a resistant 
line with introgression of only one QTL would be near to impossible. Warburton et al. (2011a) 
reported 12 different QTL responsible for varied degrees of phenotypic variance ranging 
between 2.7 and 18.5% in Mp715 x T173 mapping population. Those QTLs were present on 
chromosomes 1, 3, 4, 5, 9, and 10. They also modeled that the cumulative phenotypic variance 
explained by those 12 QTLs would measure up to 45.7%. Smith et al. (2019b) reported six QTL 
providing resistance to aflatoxin accumulation in a Mp715 x Va35 mapping population. They 
also modeled that the cumulative phenotypic variance explained by those QTLs would measure 
up to 61%.  
When compared to their recurrent parent, MonM (7.9369 ± 0.4307), the near isogenic 
lines L and M of MonM x Mp715 cross significantly improved their resistance to aflatoxin 
accumulation. The percentage reduction in the aflatoxin accumulation ranged between 1.66 (NIL 
G) and 17 (NIL L) in comparison to their recurrent parent (Table 4.50). The results from this 
cross makes more sense than the previous three crosses as far as which genotypes were expected 
to have an effect. Proving the conventional wisdom correct, marker profiles of the two NILs that 
improved their resistance to the maximum (NILs L and M) consisted the homozygous donor 
parent alleles at seven out of nine markers. Near isogenic G with the least amount of donor 
parent alleles in the QTL region accumulated the highest amount of aflatoxin. As explained 
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before, all the factors such as percentage genetic similarity between the parents, size of the 
introgressed QTL, amount of phenotypic variation explained by the introgressed QTL, number of 
polymorphic markers used in the background selection, and the residual genomic contribution of 
the donor parent alleles towards the resistance influenced the resistance observed in the near 
isogenic lines. 
Even though the recurrent parent was same in both NILs of MonM x Mp313E and MonM 
x Mp715, a comparative trend of more percentage reduction in aflatoxin accumulation was 
observed in MonM x Mp715 cross (Table 4.23 and table 4.50). However, no such trend was 
observed between the NILs of MonF x Mp715 and MonM x Mp715 crosses (Table 4.36 and 
table 4.50). A stark contrast observed between the exact same marker profiles of the NIL H from 
MonF x Mp715 cross and NIL G from MonM x Mp715 cross was that they represented the most 
improved and least improved NILs of their respective groups. 
When the 13 NILs were compared to each other, only NIL G was significantly different 
from NIL L and M. The natural log-transformed aflatoxin content ranged between 6.59 ± 0.41 
and 7.81 ± 0.41 in NILs L and G, respectively (Table 4.51). A visual inspection of the marker 
profiles arranged in the descending order of aflatoxin accumulation suggested that marker 3 
through 7 may be consistently contributing towards the resistance; marker 7, 8, and 9 may be 
next in the order of importance as they overlap in the NILs that were most-resistant and 
moderately resistant; and marker 1 and 2 seems to be the least important ones as they dispersed 
among most-resistant, medium-resistant and least-resistant NILs (Table 4.51). Genetic positions 
between marker 3 and 7 corresponds to 67.4 cM and 76.0 cM on chromosome 5 respectively 




Table 4.49 Comparison of natural log-transformed aflatoxin estimates between donor parent, Mp715, and MonM x Mp715 NILs. 
Comparison 
Marker number and genetic position (cM) in the QTL 5.03 
region 
Estimate SE DF t value Pr>ItI 
Parental 
inbred 
NIL 1 2 3 4 5 6 7 8 9      
  59.8 64.8 67.4 68.5 71.4 73.3 76 78.3 80.1      
Mp715 A          -3.4402 0.6254 107 -5.50 <0.0001* 
Mp715 B          -3.6316 0.6405 115 -5.67 <0.0001* 
Mp715 C          -3.0388 0.6254 107 -4.86 <0.0001* 
Mp715 D          -3.5509 0.6254 107 -5.68 <0.0001* 
Mp715 E          -3.1427 0.6254 107 -5.03 <0.0001* 
Mp715 F          -3.2394 0.6254 107 -5.18 <0.0001* 
Mp715 G          -3.7402 0.6254 107 -5.98 <0.0001* 
Mp715 H          -3.4927 0.6254 107 -5.58 <0.0001* 
Mp715 I          -3.3848 0.6405 115 -5.28 <0.0001* 
Mp715 J          -3.4662 0.6254 107 -5.54 <0.0001* 
Mp715 K          -2.9492 0.6405 115 -4.60 <0.0001* 
Mp715 L          -2.5225 0.6254 107 -4.03 0.0001* 
Mp715 M          -2.5617 0.6254 107 -4.10 <0.0001* 
Genotypic classes: Yellow color = homozygous for MonM, Orange color = homozygous for Mp715; SE = Standard error of the 
difference between means; DF = Degrees of freedom; *Significant at α=0.05; Estimate is the difference in the natural log-transformed 
aflatoxin content between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL estimate’.  
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Table 4.50 Comparison and percentage reduction of natural log-transformed aflatoxin estimates between recurrent parent, MonM, 
and MonM x Mp715 NILs. 
Comparison 
Marker number and genetic position (cM) in the QTL 5.03 
region 






NIL 1 2 3 4 5 6 7 8 9       
  59.8 64.8 67.4 68.5 71.4 73.3 76 78.3 80.1       
MonM A          0.4318 0.5757 117 0.75 0.4548 5.44 
MonM B          0.2404 0.5932 127 0.41 0.6859 3.03 
MonM C          0.8333 0.5757 117 1.45 0.1505 10.50 
MonM D          0.3211 0.5757 117 0.56 0.5781 4.05 
MonM E          0.7293 0.5757 117 1.27 0.2078 9.19 
MonM F          0.6326 0.5757 117 1.10 0.2741 7.97 
MonM G          0.1319 0.5757 117 0.23 0.8192 1.66 
MonM H          0.3793 0.5757 117 0.66 0.5113 4.78 
MonM I          0.4873 0.5932 127 0.82 0.4129 6.14 
MonM J          0.4059 0.5757 117 0.70 0.4822 5.11 
MonM K          0.9228 0.5921 127 1.56 0.1216 11.63 
MonM L          1.3495 0.5757 117 2.34 0.0208* 17.00 
MonM M          1.3103 0.5757 117 2.28 0.0247* 16.51 
Genotypic classes: Yellow color = homozygous for MonM, Orange color = homozygous for Mp715; SE = Standard error of the difference 
between means; RP = Recurrent parent; DF = Degrees of freedom; *Significant at α=0.05; Estimate is the difference in the natural log-transformed 
aflatoxin content between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL estimate’.  
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Table 4.51 Estimated means and the percentage reduction over RP in the natural-log transformed aflatoxin of MonM x Mp715 
NILs. 
NIL Marker number and genetic position (cM) in the QTL 5.03 region ln (Afl B1 +1) x † Aflatoxin B1y SE 
 1 2 3 4 5 6 7 8 9  ng g-1  
 59.8 64.8 67.4 68.5 71.4 73.3 76 78.3 80.1    
G          7.81 a 2452.84 0.4069 
B          7.70 ab 2200.63 0.4307 
D          7.62 ab 2030.02 0.4069 
H          7.56 ab 1915.24 0.4069 
J          7.53 ab 1864.97 0.4069 
A          7.51 ab 1817.29 0.4069 
I          7.44 ab 1719.35 0.4307 
F          7.30 ab 1486.68 0.4069 
E          7.21 ab 1349.65 0.4069 
C          7.10 ab 1216.46 0.4069 
K          7.01 ab 1112.21 0.4307 
M          6.63 b 754.91 0.4069 
L          6.59 b 725.89 0.4069 
          LSDz = 1.105 LSRz = 3.019  
Genotypic classes: Yellow color = homozygous for MonM, Orange color = homozygous for Mp715; SE = Standard error of the mean; x: ln (Afl B1 + 1) = natural 
log of (aflatoxin B1 + 1); † Means followed by the same letter are not significantly different at α = 0.05; y: Total aflatoxin concentrations, expressed in ng g-1, are 
geometric means of the original data; z: The groupings can be derived using the least significant difference (LSD) for the log-transformed data, or the least 
significant ratio (LSR) for the geometric means.
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Secondary agronomic traits 
Near isogenic lines L and M were the most improved NILs in terms of reducing the 
aflatoxin accumulation compared to their recurrent parent, MonM. The percentage reduction in 
the natural log-transformed aflatoxin accumulation of NILs L and M over their recurrent parent, 
MonM, was 17.00 and 16.51, respectively (Table 4.49). It would be excellent if those two NILs 
did not differ significantly with MonM for the secondary agronomic traits while improving their 
tassel size and husk coverage ratings similar to donor parent, Mp715. Hence, the results of 
secondary agronomic traits of MonM x Mp715 NILs are discussed below from their point of 
view. 
All NILs were significantly short statured than their donor parent, Mp715 (164.19 ± 19 
cm), which was a desirable trait. Even though, all NILs grew taller than their recurrent parent, 
MonM (136.00 ± 18.64 cm), the differences were significant only in NIL M (109.91 ± 18.76 
cm). Near isogenic line M, the second-best in terms of aflatoxin accumulation resistance 
compared to MonM, grew 20.53 cm taller than MonM. However, NIL L (118.32 ± 18.64 cm), 
the most resistant to aflatoxin accumulation, did not differ significantly with MonM (Table 4.52). 
The average differences in plant heights between the NILs were not significantly different (p = 
0.0839, Table 4.6), and hence the results of their multiple comparisons are not presented here. 
The plant heights among the 13 NILs ranged between 109.91 ± 18.76 cm in NIL I and 136 ± 
18.64 cm in NIL M. 
The ear placement of all NILs was significantly lower than their donor parent, Mp715 
(115.82 ± 9.44 cm), which was also a desirable trait. Ear height of some NILs moved lower and 
of some NILs moved higher compared to their recurrent parent, MonM (52.21 ± 9.27 cm), but 
none of those differences were statistically significant. Ear placement of the two most aflatoxin 
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accumulation resistant lines, NIL L and M, moved slightly higher on the plant compared to their 
recurrent parent, MonM. Even though the differences were not significant, the ear height of NIL 
M was on the border of becoming significantly taller than MonM (p = 0.0693) (Table 4.53). The 
ear height of NIL L was 55.46 ± 9.19 cm and that of NIL M was 60.36 ± 9.19 cm. The average 
differences in ear heights between the NILs were not significantly different (p = 0.1158, Table 
4.6), and hence the results of their multiple comparisons are not presented here. Among the 13 
near isogenic lines, NIL F had the lowest ear height of 48.68 ± 9.19 cm and NIL M had the 
highest ear height with ears placed at 60.36 ± 9.19 cm from the base of the plant.  
Compared to their donor parent, Mp715 (2309.38 ± 66.44 GDUs), all NILs silked 
significantly earlier. When compared to their recurrent parent, MonM (1562.77 ± 62.94 GDUs), 
some NILs silked later and some NILs silked earlier, but the differences were significant only in 
NILs C and I. However, the two most aflatoxin accumulation resistant NILs, L and M, did not 
produce silks significantly later than MonM. The silking of NILs L (1651.67 ± 60.85 GDUs) and 
M (1592.83 ± 60.85 GDUs) in comparison to MonM was delayed by 88.89 and 30.06 GDUs, 
respectively (Table 4.54). The average differences in silking time between the NILs were 
significantly different (Table 4.6), and hence the results of their multiple comparisons are 
presented here. Among the 13 NILs, S50 values ranged between 1503.91 ± 62.94 GDUs in NIL 
B and 1788.79 ± 62.94 GDUs in NIL I (Table 4.55). 
All NILs shed their pollen significantly earlier than their donor parent, Mp715 (2193.51 ± 
55.12 GDUs), which was a desired trait. Compared to their recurrent parent, MonM (1544.78 ± 
55.66 GDUs), majority of the NILs including the two most resistant NILs, L and M, did not 
differ significantly for the time of pollen shed. Even though, NILs L and M did not differ 
significantly with MonM, their pollen shed was delayed by 38.22 and 13.88 GDUs, respectively 
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(Table 4.56). The P50 value of NIL L and M was 1583 ± 51.17 and 1558.67± 51.17 GDUs, 
respectively. The average differences in pollen shed between the NILs were significantly 
different (Table 4.6), and hence the results of their multiple comparisons were presented here. 
Among the 13 NILs, P50 values ranged between 1492.62 ± 52.66 and 1737.35 ± 52.66 GDUs in 
NILs B and I, respectively (Table 4.57). 
Anthesis silking interval, a measure of successful seed setting, of majority NILs was 
significantly narrower than their donor parent, Mp715 (115.44 ± 23.56 GDUs), while none of the 
NILs were significantly different from their recurrent parent, MonM (18.53 ± 21.19 GDUs). The 
pollen shed and silking of MonM occurred within one day interval. Anthesis silking interval of 
the two most resistant NILs, L and M, widened by 50.14 and 15.64 GDUs, respectively 
compared to their recurrent parent, MonM. Even though the interval did widen, it was in a 
window of two to three days which should not cause any seed setting problems (Table 4.58). The 
average differences in anthesis silking intervals between the NILs were not significantly different 
(p = 0.4607, Table 4.6), and hence the results of their multiple comparisons are not presented 
here. Among the 13 NILs, ASI values ranged between 11.29 ± 21.19 and 68.67 ± 19.43 GDUs in 
NILs B and G, respectively. 
Except NIL B, all others were significantly less branched than their donor parent, Mp715 
(1.24 ± 0.57). Near isogenic line B was also significantly different compared to its recurrent 
parent, MonM (3.52 ± 0.53), but all others including the most resistant NILs, L and M, were not 
significantly different. Smaller tassel size ratings were desired as they represent bigger and 
highly branched tassels. Since, MonM belongs to male heterotic group, it had comparatively big 
and more branched tassels than the other recurrent parent, MonF. So, any improvements in the 
tassel size and branching of its NILs should be a bonus but not a necessity. Even though, not 
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significantly different (p = 0.0833), tassel size rating of NIL M was improved by 1.02 compared 
to its recurrent parent, MonM (Table 4.59). The average differences in tassel size ratings 
between the NILs were not significantly different (p = 0.0944, Table 4.6), and hence the results 
of their multiple comparisons are not presented here. Among the 13 NILs, tassel size ratings 
ranged between 2.07 ± 0.53 in NIL B and 4.07 ± 0.53 in NIL I.  
Except NIL B, all others had remarkably similar husk coverage ratings compared to their 
donor parent, Mp715 (4.97 ± 0.22), which was highly desired. Near isogenic line B was also 
significantly different compared to its recurrent parent, MonM (4.99 ± 0.19), but all others 
including the most resistant NILs, L and M, were not significantly different (Table 4.60) for their 
husk coverage ratings. The average differences in husk coverage ratings between the NILs were 
significantly different (Table 4.6), and hence the results of their multiple comparisons are 
presented here. Among the 13 NILs, husk coverage ratings ranged between 3.99 ± 0.19 in NIL B 
and 5.00 ± 0.18 in several NILs (Table 4.61). 
Compared to the recurrent parent, MonM, the two most aflatoxin accumulation resistant 
NILs, L and M, did not differ much in any important secondary agronomic traits. Table 4.62 
consolidated the comparisons of all secondary agronomic traits of NILs L and M with respect to 
their recurrent parent, MonM. As explained before in page 69, all the secondary traits of NILs L 
and M were measured as either negative, positive or neutral effects to determine which was 
better among them. The near isogenic line L had neutral effects on all secondary traits which 
means they were not significantly different from the recurrent parent, MonM. The near isogenic 
line M had negative effects on plant height and ear height (p = 0.069), and neutral effects on all 
other traits. Even though NIL L seems better than NIL M, its silking and pollen shed was 
considerably later than NIL M. Most importantly, tassel size rating of NIL M was improved by 
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one point. The major problem of NIL M was its borderline plant and ear heights. Both NILs L 
and M should be qualified as recurrent parents in future introgression studies and any of their 
shortcomings such as plant and ear heights, and flowering delays should be corrected via field 
selection and marker assisted selection. 
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Table 4.52 Comparison of plant height estimates between MonM x Mp715 NILs and their parental inbreds. 
NIL Donor parent, Mp715 Recurrent parent, MonM 
 Estimate (cm) SE DF t value Pr>ItI Estimate (cm) SE DF t value Pr>ItI 
A 41.17 8.09 107 5.09 <0.0001* -7.55 7.51 119 -1.01 0.3168 
B 46.02 8.34 116 5.52 <0.0001* -2.70 7.78 130 -0.35 0.7292 
C 36.02 8.09 107 4.45 <0.0001* -12.70 7.51 119 -1.69 0.0933 
D 50.95 8.09 107 6.30 <0.0001* 2.23 7.51 119 0.30 0.7673 
E 46.18 8.09 107 5.71 <0.0001* -2.54 7.51 119 -0.34 0.7360 
F 47.88 8.09 107 5.92 <0.0001* -0.84 7.51 119 -0.11 0.9107 
G 47.14 8.09 107 5.82 <0.0001* -1.58 7.51 119 -0.21 0.8332 
H 45.12 8.09 107 5.58 <0.0001* -3.59 7.51 119 -0.48 0.6328 
I 54.28 8.34 116 6.51 <0.0001* 5.56 7.78 130 0.71 0.4764 
J 48.51 8.09 107 5.99 <0.0001* -0.21 7.51 119 -0.03 0.9779 
K 47.71 8.34 116 5.72 <0.0001* -1.01 7.77 130 -0.13 0.8969 
L 45.87 8.09 107 5.67 <0.0001* -2.85 7.51 119 -0.38 0.7044 
M 28.19 8.09 107 3.48 0.0007* -20.53 7.51 119 -2.74 0.0072* 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 




Table 4.53 Comparison of ear height estimates between MonM x Mp715 NILs and their parental inbreds. 
NIL Donor parent, Mp715 Recurrent parent, MonM 
 Estimate (cm) SE DF t value Pr>ItI Estimate (cm) SE DF t value Pr>ItI 
A 57.90 4.78 106 12.11 <0.0001* -5.72 4.45 119 -1.29 0.2010 
B 59.77 4.94 116 12.11 <0.0001* -3.84 4.62 130 -0.83 0.4071 
C 58.14 4.78 106 12.16 <0.0001* -5.47 4.45 119 -1.23 0.2210 
D 65.98 4.78 106 13.80 <0.0001* 2.36 4.45 119 0.53 0.5967 
E 59.31 4.78 106 12.40 <0.0001* -4.31 4.45 119 -0.97 0.3347 
F 67.14 4.78 106 14.04 <0.0001* 3.52 4.45 119 0.79 0.4297 
G 62.91 4.78 106 13.16 <0.0001* -0.71 4.45 119 -0.16 0.8736 
H 61.53 4.78 106 12.87 <0.0001* -2.08 4.45 119 -0.47 0.6401 
I 66.89 4.94 116 13.55 <0.0001* 3.27 4.62 130 0.71 0.4806 
J 65.34 4.78 106 13.66 <0.0001* 1.72 4.45 119 0.39 0.6988 
K 64.77 4.94 116 13.12 <0.0001* 1.15 4.61 130 0.25 0.8029 
L 60.37 4.78 106 12.62 <0.0001* -3.25 4.45 119 -0.73 0.4665 
M 55.46 4.78 106 11.60 <0.0001* -8.15 4.45 119 -1.83 0.0693 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 




Table 4.54 Comparison of S50 (growing degree day units required for 50 percent plants to silk) estimates between MonM x Mp715 
NILs and their parental inbreds. 
NIL Donor parent, Mp715 Recurrent parent, MonM 
 Estimate (GDU) SE DF t value Pr>ItI Estimate (GDU) SE DF t value Pr>ItI 
A 706.88 59.18 105 11.95 <0.0001* -39.73 55.22 117 -0.72 0.4733 
B 805.47 61.23 115 13.15 <0.0001* 58.86 57.54 129 1.02 0.3082 
C 627.38 59.18 105 10.60 <0.0001* -119.23 55.22 117 -2.16 0.0329* 
D 726.05 59.18 105 12.27 <0.0001* -20.56 55.22 117 -0.37 0.7103 
E 759.05 59.18 105 12.83 <0.0001* 12.44 55.22 117 0.23 0.8221 
F 740.38 59.18 105 12.51 <0.0001* -6.23 55.22 117 -0.11 0.9104 
G 643.38 59.18 105 10.87 <0.0001* -103.23 55.22 117 -1.87 0.0640 
H 735.22 59.18 105 12.42 <0.0001* -11.39 55.22 117 -0.21 0.8369 
I 520.60 61.24 115 8.50 <0.0001* -226.01 57.54 129 -3.93 0.0001* 
J 672.72 59.18 105 11.37 <0.0001* -73.89 55.22 117 -1.34 0.1834 
K 694.88 61.24 115 11.35 <0.0001* -51.73 57.42 129 -0.90 0.3693 
L 657.72 59.18 105 11.11 <0.0001* -88.89 55.22 117 -1.61 0.1101 
M 716.55 59.18 105 12.11 <0.0001* -30.06 55.22 117 -0.54 0.5872 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in S50 (GDU) between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL estimate’.  
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Table 4.55 Estimated means for the S50 (growing degree day units required for 50 percent plants to silk) of MonM x Mp715 NILs. 
NIL Marker number and genetic position (cM) in the QTL 5.03 region S50 (GDU) † SE 
 1 2 3 4 5 6 7 8 9   
 59.8 64.8 67.4 68.5 71.4 73.3 76 78.3 80.1   
I          1788.79 a 62.94 
C          1682.00 ab 60.85 
G          1666.00 bc 60.85 
L          1651.67 bcd 60.85 
J          1636.67 bcd 60.85 
K          1614.50 bcde 62.94 
A          1602.50 bcde 60.85 
M          1592.83 bcde 60.85 
D          1583.33 bcde 60.85 
H          1574.17 cde 60.85 
F          1569.00 cde 60.85 
E          1550.33 de 60.85 
B          1503.91 e 62.94 
          LSD = 104.58  
Genotypic classes: Yellow color = homozygous for MonM, Orange color = homozygous for Mp715  
SE = Standard error of the mean; † Means followed by the same letter are not significantly different at α = 0.05  
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Table 4.56 Comparison of P50 (growing degree day units required for 50 percent plants to shed pollen) estimates between MonM x 
Mp715 NILs and their parental inbreds. 
NIL Donor parent, Mp715 Recurrent parent, MonM 
 Estimate (GDU) SE DF t value Pr>ItI Estimate (GDU) SE DF t value Pr>ItI 
A 605.67 45.47 107 13.32 <0.0001* -43.05 42.46 120 -1.01 0.3126 
B 700.89 47.08 117 14.89 <0.0001* 52.17 44.27 132 1.18 0.2408 
C 560.84 45.47 107 12.34 <0.0001* -87.88 42.46 120 -2.07 0.0406* 
D 639.17 45.47 107 14.06 <0.0001* -9.55 42.46 120 -0.22 0.8224 
E 671.67 45.47 107 14.77 <0.0001* 22.95 42.46 120 0.54 0.5898 
F 643.84 45.47 107 14.16 <0.0001* -4.88 42.46 120 -0.12 0.9086 
G 596.17 45.47 107 13.11 <0.0001* -52.55 42.46 120 -1.24 0.2182 
H 638.84 45.47 107 14.05 <0.0001* -9.88 42.46 120 -0.23 0.8163 
I 456.15 47.08 117 9.69 <0.0001* -192.57 44.27 132 -4.35 <0.0001* 
J 590.84 45.47 107 12.99 <0.0001* -57.88 42.46 120 -1.36 0.1753 
K 609.78 47.08 117 12.95 <0.0001* -38.94 44.18 132 -0.88 0.3797 
L 610.51 45.47 107 13.43 <0.0001* -38.22 42.46 120 -0.90 0.3699 
M 634.84 45.47 107 13.96 <0.0001* -13.88 42.46 120 -0.33 0.7443 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in P50 (GDU) between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL estimate’.  
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Table 4.57 Estimated means for the P50 (growing degree day units required for 50 percent plants to shed pollen) of MonM x 
Mp715 NILs. 
NIL Marker number and genetic position (cM) in the QTL 5.03 region P50 (GDU) † SE 
 1 2 3 4 5 6 7 8 9   
 59.8 64.8 67.4 68.5 71.4 73.3 76 78.3 80.1   
I          1737.35 a 52.66 
C          1632.67 b 51.17 
J          1602.67 bc 51.17 
G          1597.33 bcd 51.17 
A          1587.83 bcd 51.17 
K          1583.72 bcd 52.66 
L          1583.00 bcd 51.17 
M          1558.67 bcde 51.17 
H          1554.67 bcde 51.17 
D          1554.33 bcde 51.17 
F          1549.67 cde 51.17 
E          1521.83 de 51.17 
B          1492.62 e 52.66 
          LSD = 80.35  
Genotypic classes: Yellow color = homozygous for MonM, Orange color = homozygous for Mp715; SE = Standard error of the mean; 
† Means followed by the same letter are not significantly different at α = 0.05  
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Table 4.58 Comparison of anthesis silking interval estimates between MonM x Mp715 NILs and their parental inbreds. 
NIL Donor parent, Mp715 Recurrent parent, MonM 
 Estimate (GDU) SE DF t value Pr>ItI Estimate (GDU) SE DF t value Pr>ItI 
A 100.78 29.52 103 3.41 0.0009* 3.87 27.67 115 0.14 0.8891 
B 104.15 30.65 113 3.40 0.0009* 7.24 28.94 127 0.25 0.8028 
C 66.11 29.52 103 2.24 0.0273* -30.80 27.67 115 -1.11 0.2679 
D 86.44 29.52 103 2.93 0.0042* -10.47 27.67 115 -0.38 0.7058 
E 86.94 29.52 103 2.95 0.0040* -9.97 27.67 115 -0.36 0.7193 
F 96.11 29.52 103 3.26 0.0015* -0.80 27.67 115 -0.03 0.9769 
G 46.78 29.52 103 1.58 0.1162 -50.14 27.67 115 -1.81 0.0726 
H 95.94 29.52 103 3.25 0.0016* -0.97 27.67 115 -0.04 0.9721 
I 64.65 30.65 113 2.11 0.0372* -32.26 28.94 127 -1.11 0.2671 
J 81.44 29.52 103 2.76 0.0069* -15.47 27.67 115 -0.56 0.5772 
K 84.08 30.66 113 2.74 0.0071* -12.83 28.87 127 -0.44 0.6575 
L 46.78 29.52 103 1.58 0.1162 -50.14 27.67 115 -1.81 0.0726 
M 81.28 29.52 103 2.75 0.0070* -15.64 27.67 115 -0.57 0.5731 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in anthesis silking interval (GDU) between parental inbred and NIL expressed as ‘parental inbred estimate 
minus NIL estimate’.  
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Table 4.59 Comparison of tassel size rating estimates between MonM x Mp715 NILs and their parental inbreds. 
NIL Donor parent, Mp715 Recurrent parent, MonM 
 Estimate SE DF t value Pr>ItI Estimate SE DF t value Pr>ItI 
A -2.26 0.62 282 -3.62 0.0003* 0.02 0.58 282 0.03 0.9778 
B -0.84 0.65 282 -1.29 0.1979 1.44 0.61 283 2.36 0.0191* 
C -1.93 0.62 282 -3.09 0.0022* 0.35 0.58 282 0.60 0.5504 
D -2.09 0.62 282 -3.36 0.0009* 0.18 0.58 282 0.31 0.7546 
E -1.93 0.62 282 -3.09 0.0022* 0.35 0.58 282 0.60 0.5504 
F -1.76 0.62 282 -2.82 0.0051* 0.52 0.58 282 0.88 0.3780 
G -2.59 0.62 282 -4.16 <0.0001* -0.32 0.58 282 -0.54 0.5880 
H -2.26 0.62 282 -3.62 0.0003* 0.02 0.58 282 0.03 0.9778 
I -2.84 0.65 282 -4.38 <0.0001* -0.56 0.61 283 -0.91 0.3620 
J -2.26 0.62 282 -3.62 0.0003* 0.02 0.58 282 0.03 0.9778 
K -1.88 0.65 282 -2.90 0.0040* 0.40 0.61 282 0.66 0.5126 
L -1.76 0.62 282 -2.82 0.0051* 0.52 0.58 282 0.88 0.3780 
M -1.26 0.62 282 -2.02 0.0441* 1.02 0.58 282 1.74 0.0833 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in tassel size ratings between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL 
estimate’. Tassels were rated on a scale of 1 (8 or more tassel branches) to 9 (no branches).  
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Table 4.60 Comparison of husk coverage rating estimates between MonM x Mp715 NILs and their parental inbreds. 
NIL Donor parent, Mp715 Recurrent parent, MonM 
 Estimate SE DF t value Pr>ItI Estimate SE DF t value Pr>ItI 
A -0.03 0.27 283 -0.12 0.9053 -0.01 0.26 283 -0.05 0.9589 
B 0.98 0.28 283 3.46 0.0006* 1.00 0.27 284 3.74 0.0002* 
C 0.13 0.27 283 0.49 0.6235 0.15 0.26 283 0.60 0.5489 
D -0.03 0.27 283 -0.12 0.9053 -0.01 0.26 283 -0.05 0.9589 
E 0.13 0.27 283 0.49 0.6235 0.15 0.26 283 0.60 0.5489 
F 0.13 0.27 283 0.49 0.6235 0.15 0.26 283 0.60 0.5489 
G 0.13 0.27 283 0.49 0.6235 0.15 0.26 283 0.60 0.5489 
H -0.03 0.27 283 -0.12 0.9053 -0.01 0.26 283 -0.05 0.9589 
I -0.02 0.28 283 -0.07 0.9446 0.00 0.27 284 0.00 0.9988 
J 0.13 0.27 283 0.49 0.6235 0.15 0.26 283 0.60 0.5489 
K -0.02 0.28 283 -0.07 0.9457 0.00 0.27 282 0.00 1.0000 
L -0.03 0.27 283 -0.12 0.9053 -0.01 0.26 283 -0.05 0.9589 
M -0.03 0.27 283 -0.12 0.9053 -0.01 0.26 283 -0.05 0.9589 
SE = Standard error of the difference between means; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in husk coverage ratings between parental inbred and NIL expressed as ‘parental inbred estimate minus NIL 
estimate’. Husk coverage was rated on a scale of 1 (exposed kernels) to 5 (long silk channel present).  
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Table 4.61 Estimated means for the husk coverage rating (HSC) of MonM x Mp715 NILs. 
NIL Marker number and genetic position (cM) in the QTL 5.03 region HSC † SE 
 1 2 3 4 5 6 7 8 9   
 59.8 64.8 67.4 68.5 71.4 73.3 76 78.3 80.1   
A          5.00 a 0.18 
D          5.00 a 0.18 
H          5.00 a 0.18 
L          5.00 a 0.18 
M          5.00 a 0.18 
I          4.99 a 0.19 
K          4.99 a 0.19 
C          4.83 a 0.18 
E          4.83 a 0.18 
F          4.83 a 0.18 
G          4.83 a 0.18 
J          4.83 a 0.18 
B          3.99 b 0.19 
          LSD = 0.48  
Genotypic classes: Yellow color = homozygous for MonM, Orange color = homozygous for Mp715  
SE = Standard error of the mean; † Means followed by the same letter are not significantly different at α = 0.05  
 
146 





PHT EHT S50 P50 ASI TSZ HSC 
  Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI Estimate Pr>ItI 
MonM x Mp715 - L 17.00 -2.85 0.704 -3.25 0.467 -88.89 0.110 -38.22 0.370 -50.14 0.073 0.52 0.3780 -0.01 0.959 
MonM x Mp715 - M 16.51 -20.53 0.007* -8.15 0.069 -30.06 0.587 -13.88 0.744 -15.64 0.573 1.02 0.0833 -0.01 0.959 





RESULTS AND DISCUSSION: TESTCROSSES OF NEAR ISOGENIC LINES 
Summary Statistics 
Aflatoxin accumulation 
Since the experiment was conducted in three locations, a likelihood ratio test (LRT) was 
performed using PROC GLIMMIX procedure in SAS to test whether the error variances were 
equal among locations and it was concluded that the error variance was not different between 
locations (Table 5.1). Hence all further analysis was based on the simpler model with a common 
error across locations. For the natural log-transformed aflatoxin, analysis of variance (ANOVA) 
across environments was conducted on plot level data for all entries at α=0.05 level of 
significance using the SAS PROC GLIMMIX procedure in version 9.4 (SAS Institute, Cary, 
NC). Environment, replication within environment, and environment x genotype interaction were 
all treated as random factors while the natural log-transformed aflatoxin data was the response 
variable. Test crosses of near isogenic lines as well as those of donor and recurrent parents were 
considered as fixed factors in the model.  
For the statistical analysis, testcrosses were divided into two groups; parental testcross 
group and the near isogenic line testcross group (NIL testcross group). The female testers 1 and 2 
were abbreviated as FT1 and FT2, respectively, while the male testers 1 and 2 were abbreviated 
as MT1 and MT2, respectively. The parental testcross group included four testcrosses of donor 
parents (DP): MT1 + Mp313E, MT1 + Mp715, FT2 + Mp313E, and FT2 + Mp715; and four 
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testcrosses of recurrent parents (RP): MT1 + MonF, MT2 + MonF, FT1 + MonM, and FT2 + 
MonM. The NIL testcross group included 24, 34, 30, and 26 testcrosses of MonF x Mp313E, 
MonM x Mp313E, MonF x Mp715, and MonM x Mp715 near isogenic lines, respectively. 
Testcross seed of donor parents with FT1 and MT2, respectively, were not included in the 
experiment due to seed production problems. Also, the testcross MonF x Mp313E NIL A was 
excluded due to seed production problem. The experiment consisted a total of 122 testcross 
hybrids. 
There was a significant difference between the parental testcross group and NIL testcross 
group (p = 0.0002, Table 5.2). Within the parental testcross group, there were significant 
differences between the parental testcrosses (p = <0.0001, Table 5.2). The testcross of recurrent 
parent MonF with MT1 accumulated the highest amount of aflatoxin (6.7450 ± 0.4444), whereas 
the testcross of donor parent Mp313E with FT2 accumulated the least amount of aflatoxin 
(3.6200 ± 0.3571) among the parental testcross hybrids (Table 5.3).  
Within the NIL testcross group, there was a significant interaction between recurrent 
parent and donor parent testcrosses (p = 0.0017, Table 5.2). When the recurrent parent was 
MonM, testcrosses of Mp313E NILs accumulated significantly more aflatoxin than testcrosses of 
Mp715 NILs on average (0.2906 ± 0.1004, p = 0.0041), but there was no significant difference 
between testcrosses of Mp313E NILs and testcrosses of Mp715 NILs on average when the 
recurrent parent was MonF (-0.1691 ± 0.1051, p = 0.1087). Testcrosses of MonF NILs 
accumulated significantly higher aflatoxin than testcrosses of MonM NILs on average, 
irrespective of the donor parent (Table 5.4).  
There was a significant interaction between donor parent and tester within a recurrent 
parent group (p = 0.0003, Table 5.2). In MonF recurrent parent group, there were no significant 
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differences between testcrosses of Mp313E NILs and testcrosses of Mp715 NILs irrespective of 
the testers, whereas testcrosses of MT1 NILs accumulated significantly higher aflatoxin than 
testcrosses of MT2 NILs irrespective of the donor parent (Table 5.5). In MonM recurrent parent 
group, testcrosses of Mp313E NILs accumulated significantly more aflatoxin than testcrosses of 
Mp715 NILs when the tester was FT1 (0.6909 ± 0.1422, p = <0.0001), but there were no 
significant differences when the tester was FT2. In the same recurrent parent group, testcrosses 
of FT1 NILs accumulated significantly more aflatoxin than testcrosses of FT2 NILs irrespective 
of the donor parent (Table 5.6). 
Within the NIL testcross group, there was no significant interaction between near 
isogenic lines and testers of a specific RP x DP combination (p = 0.8150, Table 5.2). This needs 
to explain with an example. It means that there were no significant differences between [MT1 + 
(MonF x Mp313E NIL A)] and [MT2 + (MonF x Mp313E NIL A)] or [MT1 + (MonF x 
Mp313E NIL B)] and [MT2 + (MonF x Mp313E NIL B)], and so on. So, when the comparisons 
were made with the testcross of donor parent, and testcrosses of recurrent parent; they were 
compared against an average value of [MT1 + (MonF x Mp313E NIL A)] and [MT2 + (MonF x 
Mp313E NIL A)] instead of two separate values. 
Within each of RP x DP combinations, the average difference between the testcrosses of 
NILs was significant only for testcrosses of MonM x Mp313E NILs (p = 0.0330, Table 5.2). 
Since aflatoxin accumulation resistance was the primary response variable in this project, 
statistical significance of the average differences between the testcrosses of NILs within a RP x 
DP combination was ignored (Table 5.2) and hence all their multiple comparisons were included 




Table 5.1 Likelihood ratio test for model selection in the aflatoxin accumulation evaluations. 
Model -2 RLL LRT DF p value 
Unequal error variances 1878.39    
Common error variance 1880.99 2.60 2 0.2723 
-2 RLL = -2 residual log likelihood; LRT = likelihood ratio test statistic; DF = degrees of freedom. 
Table 5.2 Analysis of variance for fixed effects of natural log-transformed aflatoxin content in measured in testcrosses of parental 
inbreds and testcrosses of their near isogenic lines. 
Source of variation Num DF Den DF F Value Pr > F 
Between parental and NIL testcross groups 1 170.2 14.73 0.0002* 
Within Parental testcross group     
Parental testcrosses 7 126.3 12.31 <.0001* 
Within NIL testcross group     
RP 1 277 140.17 <.0001* 
DP 1 277 0.72 0.3979 
RP x DP 1 277 10.01 0.0017* 
NIL (RP x DP)     
MonF x Mp313E 11 274 0.82 0.6162 
MonM x Mp313E 16 277.3 1.78 0.0330* 
MonF x Mp715 14 276.8 0.59 0.8747 
MonM x Mp715 12 277.6 1.09 0.3653 
Tester (RP) 2 277 77.70 <0.0001* 
DP x Tester (RP) 2 277 8.39 0.0003* 
NIL x Tester (RP x DP) 53 276.4 0.81 0.8150 
NIL = Near isogenic line; RP = Recurrent parent; DP = Donor parent; *Significant at α=0.05; Num DF = Numerator degrees of 
freedom; Den DF = Denominator degrees of freedom. 
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Table 5.3 Estimated means for the natural log-transformed aflatoxin content of parental 
testcrosses. 
Parental Testcross ln (Afl B1 +1)x † Aflatoxin B1y SE 
  ng g-1  
MT1 + MonF 6.7450 a 849.80 0.4444 
MT2 + MonF 6.5905 a 728.14 0.4444 
FT1 + MonM 6.5569 a 704.09 0.4757 
MT1 + Mp313E 6.0723 ab 433.68 0.3662 
FT2 + MonM 5.3075 bc 201.85 0.4444 
MT1 + Mp715 4.8817 c 131.85 0.3571 
FT2 + Mp715 4.7973 c 121.18 0.3571 
FT2 + Mp313E 3.6200 d 37.34 0.3571 
SE = Standard error of the mean; x: ln (Afl B1 + 1) = natural log of (aflatoxin B1 + 1); † Means 
followed by the same letter are not significantly different at α = 0.05; y: Total aflatoxin 
concentrations, expressed in ng g-1, are geometric means of the original data. 
 
Table 5.4 Comparison of natural log-transformed aflatoxin estimates between near isogenic 
line testcross groups. 
Comparison Estimate SE DF t value Pr>ItI 
Group 1 Group 2      
RP DP RP DP      
MonF Mp313E MonF Mp715 -0.1691 0.1051 275.8 -1.61 0.1087 
MonM Mp313E MonM Mp715 0.2906 0.1004 278.3 2.89 0.0041* 
MonF Mp313E MonM Mp313E 0.6305 0.1023 276.0 6.16 <0.0001* 
MonF Mp715 MonM Mp715 1.0903 0.1032 277.9 10.57 <0.0001* 
SE = Standard error of the difference between means; RP = Recurrent parent; DP = Donor 
parent; DF = Degrees of freedom; *Significant at α=0.05; Estimate is the difference in the 
natural log-transformed aflatoxin content between groups 1 and 2 expressed as ‘group 1 estimate 
minus group 2 estimate’. 
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Table 5.5 Comparison of natural log-transformed aflatoxin estimates between NIL testcrosses when recurrent parent was MonF. 
Comparison Estimate SE DF t value Pr>ItI 
Group 1 Group 2      
Tester DP Tester DP      
MT1 Mp313E MT1 Mp715 -0.2678 0.1493 278.5 -1.79 0.0740 
MT2 Mp313E MT2 Mp715 -0.0705 0.1479 272.9 -0.48 0.6340 
MT1 Mp313E MT2 Mp313E 0.6996 0.1563 274.4 4.48 <0.0001* 
MT1 Mp715 MT2 Mp715 0.8969 0.1405 277.3 6.38 <0.0001* 
SE = Standard error of the difference between means; DP = Donor parent; DF = Degrees of freedom; *Significant at α=0.05; Estimate 
is the difference in the natural log-transformed aflatoxin content between groups 1 and 2 expressed as ‘group 1 estimate minus group 2 
estimate’. 
 
Table 5.6 Comparison of natural log-transformed aflatoxin estimates between NIL testcrosses when recurrent parent was MonM. 
Comparison Estimate SE DF t value Pr>ItI 
Group 1 Group 2      
Tester DP Tester DP      
FT1 Mp313E FT1 Mp715 0.6909 0.1422 279.1 4.86 <0.0001* 
FT2 Mp313E FT2 Mp715 -0.1096 0.1418 277.6 -0.77 0.4401 
FT1 Mp313E FT2 Mp313E 1.3871 0.1321 278.1 10.50 <0.0001* 
FT1 Mp715 FT2 Mp715 0.5865 0.1512 278.5 3.88 0.0001* 
SE = Standard error of the difference between means; DP = Donor parent; DF = Degrees of freedom; *Significant at α=0.05 
Estimate is the difference in the natural log-transformed aflatoxin content between groups 1 and 2 expressed as ‘group 1 estimate 
minus group 2 estimate’. 
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Secondary agronomic traits 
For all the secondary agronomic traits, analysis of variance (ANOVA) across 
environments was conducted on plot level data for all entries at α = 0.05 level of significance 
using the SAS PROC GLIMMIX procedure in version 9.4 (SAS Institute, Cary, NC). 
Environment, replication within environment, and environment x genotype interaction were all 
treated as random factors while the data on secondary agronomic traits were the response 
variables. Testcrosses of near isogenic lines as well as those of donor and recurrent parents were 
considered as fixed factors in the model and generated their best linear unbiased estimators 
(BLUEs). The secondary agronomic traits were grain yield, plant and ear heights (PHT and 
EHT) in centimeters, S50 (growing degree day units required for 50 percent of plants in a plot to 
silk), P50 (growing degree day units required for 50 percent of plants in a plot to shed pollen), 
ASI (anthesis silking interval in growing degree day units calculated by the subtraction of P50 
from S50), and husk coverage rating (HSC) on a rating scale of 1 to 5. The details of the husk 
coverage rating scale were explained in page 48. For the statistical analysis, testcrosses were 
divided into two groups as explained in page 146. However, for the yield data, there was also a 
commercial check included in the parental testcross group. The experimental details including 
the locations and entry list are explained in page 36 and 37.  
Phenotypic correlations and their significance between the primary trait, natural log-
transformed aflatoxin content, and the secondary traits were calculated and reported as Pearson’s 
correlation coefficients (r). Since grain yield was not measured in the same locations where the 
aflatoxin content and other secondary traits were measured, grain yield was excluded in 
correlation coefficient calculations. There were significant negative correlations between natural 
log-transformed aflatoxin content and three out of six secondary agronomic traits. The 
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correlation coefficient values were -0.387, -0.366, and -0.291 for plant height, ear height, and 
HSC traits, respectively. Flowering traits (S50, P50, and ASI) were positively correlated with 
natural log--transformed aflatoxin content. Interestingly, the aflatoxin accumulation was 
negatively correlated with S50 and P50 values in inbreds and their near isogenic lines, but the 
relationship was vice versa in case of their testcross hybrids (Table 4.5 and Table 5.7). This 
means the testcross hybrids accumulated more aflatoxin as their pollen shed and silking was 
delayed though the correlation coefficients were not remarkably high. Plant height was 
negatively correlated with S50, P50 and ASI; whereas ear height was negatively correlated with 
S50 and ASI (Table 5.7).  
There were significant differences in all secondary traits between parental testcross group 
and the near isogenic line (NIL) testcross group as well as between the parental testcrosses 
within the parental testcross group (Table 5.8). Overall, donor parent testcrosses (MT1 + 
Mp313E, MT1 + Mp715, FT2 + Mp313E, and FT2 + Mp715) were significantly taller with high 
ear placement along with delayed pollen shed and silking compared to the recurrent parent 
testcrosses (MT1 + MonF, MT2 + MonF, FT1 + MonM, and FT2 + MonM). Lower plant and ear 
heights as well as early flowering are the desired characteristics of a successful commercial 
hybrid. Even though the flowering was delayed, anthesis silking interval of donor parent 
testcrosses was not significantly different from that of recurrent parent testcrosses except FT2 + 
Mp313E testcross with its significantly wider anthesis silking interval may pose some concerns 
in seed set. Anthesis silking interval, calculated as the difference in GDUs between silking and 
pollen shed, is a particularly important agronomic trait as it determines the success of pollination 
and seed setting in both inbred and hybrid seed production, especially under water stressed 
conditions (Bolanos and Edmeades, 1996). Larger ASI values mean that there is less overlap in 
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the timing of silking and pollen shed which leads to poor seed set. On average, testcrosses of 
both recurrent parents and donor parents possessed very tight husks with long silk channels 
covering the ear tips. Usually, hybrids with loose husk and open ear tips are preferred by 
midwestern farmers as they enable quicker drying of ears for harvest during colder months. 
However, in the Southeastern United States, having tighter husks is not a negative trait and may 
decrease insect feeding and aflatoxin accumulation. The grain yield of the commercial check 
(10.72 ± 1.02 tn ha-1) was on par with most of the recurrent parent testcrosses while the grain 
yield of Mp715 testcrosses was significantly lower than all other testcrosses. Among the 
testcrosses of donor parents, it appears that Mp313E testcrosses yielded more than Mp715 
testcrosses (Table 5.9).  
Within the NIL testcross group, there was no significant interaction between recurrent 
and donor parent testcrosses for most of the secondary traits except for the husk coverage (p = 
<0.0001, Table 5.8). However, to maintain a common standard in publishing the results between 
aflatoxin accumulation and secondary agronomic traits, interaction between donor and recurrent 
parent testcrosses for all traits was discussed here (Table 5.10). When the donor parent was 
MonM, the anthesis silking interval of Mp313E NIL testcrosses was significantly greater than 
Mp715 NIL testcrosses on average (7.64 ± 3.29 GDUs, p = 0.0210). When the donor parent was 
MonF, the husk coverage of Mp313E NIL testcrosses was significantly greater than Mp715 NIL 
testcrosses on average (0.36 ± 0.05, p = <0.0001). All other traits did not differ between Mp313E 
NIL testcrosses and Mp715 NIL testcrosses irrespective of the recurrent parent (Table 5.10). 
Irrespective of the donor parent, testcrosses of MonF NILs had significantly higher yields than 
testcrosses of MonM NILs on average. The plants were also short statured with low ear 
placement; however, their flowering was delayed, and husk coverage was poor compared to 
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testcrosses of MonM NILs on average (Table 5.10). There was no significant interaction between 
donor parent and tester within a recurrent parent for any of the secondary traits (Table 5.8). 
Within the NIL testcross group, there was no significant interaction between NILs and testers of 
a specific RP x DP combination for all but husk coverage trait (p = 0.0203, Table 5.8). Within 
each of the RP x DP combinations, the average difference between the testcrosses of NILs was 
not significant for all but husk coverage trait in MonM x Mp313E testcrosses (p = <0.0001, 
Table 5.8). However, considering the smaller influence of QTLs 2.04 and 5.03 on the secondary 
traits in this project, results of the multiple comparisons between NILs are not presented 
irrespective of the F-test.  
This project is also not to be considered a success if achieving resistance to aflatoxin 
accumulation is done at the cost of performance of secondary traits particularly the grain yield. 
The main goal of testing the NILs as testcross hybrids was to determine whether their aflatoxin 
accumulation resistance was carried on to their hybrids. This can be answered by comparing the 
performance of NIL testcrosses with the performance of their parental testcrosses for the 
aflatoxin accumulation and secondary traits. From the results and discussion of near isogenic 
lines per se, at least two NILs from each RP x DP combination were identified as potential 
parents in future introgression projects based on the improvements in their aflatoxin 
accumulation resistance. They were NILs A and F of MonF x Mp313E cross, NILs E and H of 
MonF x Mp715 cross, and NILs L and M of MonM x Mp715 cross. It would make sense to 
emphasize their testcross performance for aflatoxin accumulation and other secondary traits. 
Unfortunately, testcross of MonF x Mp313E NIL A did not produce any seed to include in the 




Table 5.7 Phenotypic correlations between the primary trait, natural log-transformed aflatoxin content, and secondary agronomic 
traits. 
*Significant at the 0.05 probability level; ln_afl = Natural log-transformed aflatoxin, PHT and EHT = Plant and ear height, 
respectively; S50 and P50 = Growing degree day units required for 50 percent of plants in a plot to silk and shed pollen, respectively; 
ASI = Anthesis silking interval; HSC = Husk coverage rating.  
Trait ln_afl PHT EHT S50 P50 ASI HSC 
 Pearson’s correlation coefficient, r 
ln_afl 1.000 -0.387* -0.366* 0.112* 0.092* 0.078* -0.291* 
PHT -0.387* 1.000 0.957* -0.319* -0.098* -0.505* 0.079* 
EHT -0.366* 0.957* 1.000 -0.266* -0.055 -0.469* 0.055 
S50 0.112* -0.319* -0.266* 1.000 0.885* 0.571* -0.008 
P50 0.092* -0.098* -0.055 0.885* 1.000 0.122* -0.108* 
ASI 0.078* -0.505* -0.469* 0.571* 0.122* 1.000 0.174* 
HSC -0.291* 0.079* 0.055 -0.008 -0.108* 0.174* 1.000 
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Table 5.8 Analysis of variance for fixed effects of plant and ear heights, S50 and P50, ASI, HSC, and grain yield measured in 
testcrosses of parental inbreds and testcrosses of their near isogenic lines. 
Source of variation 
Num 
DF 






















Between parental and NIL 
testcross groups 
1 135.20 <0.0001* 103.7 <0.0001* 421.6 <0.0001* 286.5 <0.0001* 16.1 <0.0001* 15.6 0.0001* 8.37 0.0041* 
Within Parental testcross group                
Parental testcrosses 7 † 41.96 <0.0001* 26.6 <0.0001* 66.8 <0.0001* 44.4 <0.0001* 11.9 <0.0001* 7.9 <0.0001* 3.39 0.0011* 
Within NIL testcross group                
RP 1 84.25 <0.0001* 92.1 <0.0001* 43.1 <0.0001* 98.3 <0.0001* 28.4 <0.0001* 302.3 <0.0001* 41.66 <0.0001* 
DP 1 0.02 0.8858 0.9 0.3528 1.9 0.1681 0.1 0.8010 5.2 0.0231* 31.0 <0.0001* 0.37 0.5451 
RP x DP 1 1.92 0.1673 0.8 0.3753 1.4 0.2343 0.2 0.6230 0.9 0.3555 15.7 <0.0001* 0.02 0.8861 
NIL (RP x DP)                
MonF x Mp313E 11 0.64 0.7906 0.2 0.9940 1.0 0.4432 1.2 0.2907 0.3 0.9833 1.5 0.1161 0.54 0.8760 
MonM x Mp313E 16 0.41 0.9798 0.4 0.9747 0.8 0.6482 1.1 0.3139 0.9 0.5666 3.1 <0.0001* 0.54 0.9262 
MonF x Mp715 14 0.77 0.7038 0.7 0.7569 0.6 0.8483 0.7 0.8145 0.6 0.8375 1.4 0.1416 0.90 0.5593 
MonM x Mp715 12 0.67 0.7835 0.4 0.9511 1.0 0.4417 0.7 0.7688 1.1 0.3663 1.6 0.0799 1.20 0.2768 
Tester (RP) 2 72.06 <0.0001* 4.4 0.0126* 16.8 <0.0001* 29.4 <0.0001* 8.7 0.0002* 90.0 <0.0001* 11.29 <0.0001* 
DP x Tester (RP) 2 0.23 0.7982 0.4 0.6414 2.7 0.0678 2.4 0.0940 1.9 0.1466 1.8 0.1757 1.36 0.2592 
NIL x Tester (RP x DP) 53 0.73 0.9199 0.7 0.9299 0.6 0.9839 0.6 0.9886 0.7 0.9126 1.5 0.0203* 0.76 0.8926 
NIL = Near isogenic line; RP and DP = Recurrent and donor parents, respectively; *Significant at α=0.05; Num DF = Numerator 
degrees of freedom; PHT and EHT = Plant and ear heights, respectively; S50 and P50 = Growing degree day units required for 50 
percent of plants in a plot to produce silks and shed pollen, respectively, ASI = Anthesis silking interval; HSC = Husk coverage 
ratings; † DF for grain yield was 8.  
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Table 5.9 Estimated means for the secondary agronomic traits of parental testcrosses. 
Parental Testcross PHT (cm) † EHT (cm) † S50 (GDUs) † P50 (GDUs) † ASI (GDUs) † HSC † Grain yield (tn ha-1) † 
 Estimate ± SE Estimate ± SE Estimate ± SE Estimate ± SE Estimate ± SE Estimate ± SE Estimate ± SE 
Commercial check . . . . . . 10.72 ± 1.02 abc 
MT1 + MonF 191.03 ± 24.71 de 84.88 ± 17.46 c 1461.50 ± 40.05 b 1488.83 ± 26.67 c -27.33 ± 22.47 d 3.83 ± 0.22 c 10.61 ± 0.97 abc 
MT2 + MonF 183.09 ± 24.71 e 85.41 ± 17.46 c 1434.00 ± 40.05 bc 1443.00 ± 26.67 cd -9.00 ± 22.47 cd 4.00 ± 0.22 c 12.36 ± 0.97 a 
FT1 + MonM 198.35 ± 24.79 d 96.75 ± 17.53 c 1433.76 ± 40.63 bc 1415.68 ± 27.50 d 18.17 ± 23.13 bc 4.62 ± 0.24 ab 10.94 ± 1.02 abc 
FT2 + MonM 202.88 ± 24.71 d 92.78 ± 17.46 c 1387.33 ± 40.05 c 1415.50 ± 26.67 d -28.17 ± 22.47 d 5.00 ± 0.22 a 11.81 ± 1.02 ab 
MT1 + Mp313E 234.28 ± 24.54 bc 114.23 ± 17.32 b 1702.52 ± 38.92 a 1655.61 ± 25.10 a 45.65 ± 20.99 b 4.91 ± 0.18 a 10.73 ± 0.88 abc 
FT2 + Mp313E 259.40 ± 24.52 a 128.16 ± 17.31 a 1667.92 ± 38.80 a 1595.17 ± 24.92 b 72.58 ± 20.83 a 5.00 ± 0.18 a 10.50 ± 0.88 bc 
MT1 + Mp715 229.85 ± 24.52 c 132.03 ± 17.31 a 1667.67 ± 38.80 a 1667.83 ± 24.92 a 0.00 ± 20.83 cd 4.08 ± 0.18 c 8.70 ± 0.88 d 
FT2 + Mp715 243.10 ± 24.52 b 125.41 ± 17.31 a 1672.25 ± 38.80 a 1674.00 ± 24.92 a -1.75 ± 20.83 cd 4.25 ± 0.18 bc 9.81 ± 0.87 cd 
SE = Standard error of the mean. † Means followed by the same letter are not significantly different at α = 0.05; MT1 = Male tester 1; 
MT2 = Male tester 2; FT1 = Female tester 1; FT2 = Female tester 2; PHT and EHT = Plant and ear heights, respectively; S50 and P50 
= Growing degree day units required for 50 percent of plants in a plot to produce silks and shed pollen, respectively, ASI = Anthesis 
silking interval; HSC = Husk coverage ratings.  
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Table 5.10 Comparison of secondary agronomic trait estimates between testcrosses of NIL groups. 
Comparison PHT (cm) EHT (cm) S50 (GDUs) 
Group 1 Group 2    
RP DP RP DP Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
MonF Mp313E MonF Mp715 1.13 ± 1.31 0.86 0.3900 1.45 ± 1.15 1.26 0.2091 0.63 ± 4.89 0.13 0.8980 
MonM Mp313E MonM Mp715 -139 ± 1.26 -1.10 0.2709 0.04 ± 1.10 0.03 0.9737 8.68 ± 4.67 1.86 0.0638 
MonF Mp313E MonM Mp313E -7.09 ± 1.28 -5.53 <0.0001* -6.91 ± 1.12 -6.18 <0.0001* 18.16 ± 4.76 3.81 0.0002* 
MonF Mp715 MonM Mp715 -9.61 ± 1.29 -7.44 <0.0001* -8.32 ± 1.13 -7.39 <0.0001* 26.22 ± 4.80 5.46 <0.0001* 
 
 
Table 5.10 (Continued) 
Comparison P50 (GDUs) ASI (GDUs) HSC Grain yield (tn ha-1) 
Group 1 Group 2       





















MonF Mp313E MonF Mp715 -2.62 ± 5.08 -0.52 0.6066 3.23 ± 3.44 0.94 0.3493 0.36 ± 0.05 6.59 <0.0001* 0.10 ± 0.18 0.55 0.5855 
MonM Mp313E MonM Mp715 0.84 ± 4.84 0.17 0.8631 7.64 ± 3.29 2.32 0.0210* 0.06 ± 0.05 1.17 0.2422 0.06 ± 0.19 0.32 0.7503 
MonF Mp313E MonM Mp313E 33.05 ± 4.94 6.69 <0.0001* 
-14.89 ± 
3.35 
-4.44 <0.0001* -0.50 ± 0.05 -9.53 <0.0001* 0.89 ± 0.19 4.79 <0.0001* 
MonF Mp715 MonM Mp715 36.50 ± 4.98 7.33 <0.0001* 
-10.48 ± 
3.38 
-3.10 0.0021* -0.80 ± 0.05 
-
15.03 
<0.0001* 0.85 ± 0.19 4.53 <0.0001* 
SE = Standard error of the difference between means; *Significant at α=0.05; Estimate is the difference between group 1 and group 2 
expressed as ‘group 1 estimate minus group 2 estimate’; RP = Recurrent parent; DP = Donor parent; PHT and EHT = Plant and ear 
heights, respectively; S50 and P50 = Growing degree day units required for 50 percent of plants in a plot to produce silks and shed 
pollen, respectively, ASI = Anthesis silking interval; HSC = Husk coverage ratings. 
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Testcrosses of MonF x Mp313E near isogenic lines 
Aflatoxin accumulation 
 Testcrosses of all near isogenic lines accumulated more natural log-transformed aflatoxin 
content than their respective donor parent testcross, MT1 + Mp313E (6.0723 ± 0.3662), but none 
of those differences were statistically significant. When compared to their respective recurrent 
parent testcrosses, MT1 + MonF (6.7450 ± 0.4444) and MT2 + MonF (6.5905 ± 0.4444), 
testcrosses of most near isogenic lines accumulated less natural log-transformed aflatoxin 
content, but again none of those differences were statistically significant. Particularly, testcrosses 
of NIL F (the second-best NIL based on its line per se results, Table 4.10) were highly similar to 
its recurrent parent testcrosses which means the aflatoxin accumulation resistance observed as 
line per se was not realized in its testcrosses (Table 5.11). Among the testcrosses of 12 near 
isogenic lines, natural log-transformed aflatoxin content ranged between 5.8989 ± 0.3542 in NIL 
I testcross and 6.7887 ± 0.3542 in NIL L testcross (Table 5.12) 
Secondary agronomic traits 
Testcrosses of all NILs produced more grain yield than their respective donor parent 
testcross, MT1 + Mp313E (10.73 ± 0.88 tn ha-1), but the differences were significantly different 
only in testcrosses of NILs F, G, and J. Testcrosses of NILs F and G also produced significantly 
higher yield than MT1 + MonF testcross (10.61 ± 0.97 tn ha-1) (Table 5.13). 
Compared to their respective donor parent testcross, MT1 + Mp313E, the secondary traits 
of all NIL testcrosses were significantly better for all but husk coverage. They were all shorter in 
plant height, lower in ear placement, earlier in silking and pollen shed, and narrower in anthesis 
silking interval compared to the donor parent testcross. All those characteristics are desirable in a 
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commercial hybrid. However, their husk coverage was poor compared to MT1 + Mp313E 
testcross. The secondary traits of majority NIL testcrosses were remarkably alike their respective 
recurrent parent testcrosses, MT1 + MonF and MT2 + MonF which was highly desirable. Plants 
of NIL F testcross grew significantly taller (12.12 ± 5.83 cm) than MT2 + MonF plants, but all 
other traits of it were strikingly like that of its respective recurrent parent testcrosses (Table 5.14, 
5.15, 5.16, 5.17, 5.18, and 5.19). 
Even though the amount of aflatoxin accumulation resistance observed in NIL F as line 
per se was not realized in its testcrosses, majority of its secondary traits were not negatively 
affected by the introgression of QTL 2.04 from Mp313E. Another good thing was that unlike in 
other recurrent parent x donor parent crosses, there were more than two NILs which improved 
their aflatoxin accumulation resistance in MonF x Mp313E cross (Table 4.10). For example, NIL 
I also significantly improved its resistance compared to recurrent parent MonF. Except for 
silking and pollen shed, all other secondary traits of it were strikingly like MonF (Table 4.12, 
4.13, 4.14, 4.15, 4.16, 4.17, 4.18, and 4.19). Add to its benefit, natural log-transformed aflatoxin 
content of NIL I testcross was even non-significantly smaller (Table 5.11) than that of its donor 
parent testcross, MT1 + Mp313E, and most of its secondary traits were not affected by the 
introgression (Table 5.14, 5.15, 5.16, 5.17, 5.18, and 5.19). 
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Table 5.11 Comparison of natural log-transformed aflatoxin estimates of MonF x Mp313E NIL testcrosses with testcrosses of 
donor and recurrent parents. 
Testcross of NIL MT1 + Mp313E MT1 + MonF MT2 + MonF 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
B -0.0187 ± 0.4001 -0.05 0.9629 0.6541 ± 0.4727 1.38 0.1676 0.4996 ± 0.4727 1.06 0.2915 
C -0.3607 ± 0.3910 -0.92 0.3580 0.3120 ± 0.4651 0.67 0.5028 0.1576 ± 0.4651 0.34 0.7350 
D -0.2150 ± 0.3910 -0.55 0.5833 0.4577 ± 0.4651 0.98 0.3259 0.3032 ± 0.4651 0.65 0.5150 
E -0.4449 ± 0.3910 -1.14 0.2573 0.2279 ± 0.4651 0.49 0.6246 0.0734 ± 0.4651 0.16 0.8747 
F -0.5960 ± 0.3910 -1.52 0.1299 0.0767 ± 0.4651 0.16 0.8691 -0.0777 ± 0.4651 -0.17 0.8674 
G -0.1664 ± 0.3910 -0.43 0.6711 0.5063 ± 0.4651 1.09 0.2773 0.3518 ± 0.4651 0.76 0.4500 
H -0.3496 ± 0.3910 -0.89 0.3729 0.3232 ± 0.4651 0.69 0.4878 0.1687 ± 0.4651 0.36 0.7171 
I 0.1733 ± 0.3910 0.44 0.6583 0.8461 ± 0.4651 1.82 0.0700 0.6916 ± 0.4651 1.49 0.1382 
J -0.4613 ± 0.4001 -1.15 0.2509 0.2114 ± 0.4727 0.45 0.6550 0.0570 ± 0.4727 0.12 0.9042 
K -0.2555 ± 0.3910 -0.65 0.5146 0.4172 ± 0.4651 0.90 0.3705 0.2628 ± 0.4651 0.56 0.5726 
L -0.7165 ± 0.3910 -1.83 0.0692 -0.0437 ± 0.4651 -0.09 0.9251 -0.1982 ± 0.4651 -0.43 0.6703 
M -0.4587 ± 0.3910 -1.17 0.2429 0.2140 ± 0.4651 0.46 0.6458 0.0596 ± 0.4651 0.13 0.8982 
SE = Standard error of the difference between means; *Significant at α=0.05; MT1 = Male tester 1; MT2 = Male tester 2. 
Estimate is the difference in natural log-transformed aflatoxin content between parental inbred testcross and NIL testcross expressed 




Table 5.12 Estimated means for the aflatoxin accumulation in testcrosses of MonF x Mp313E 
NILs averaged across testers 
NIL ln (Afl B1 +1) x † Aflatoxin B1y SE 
  ng g-1  
L 6.7887 a 887.7587 0.3542 
F 6.6683 a 787.0565 0.3542 
J 6.5336 ab 687.8701 0.3642 
M 6.5310 ab 686.084 0.3542 
E 6.5171 ab 676.6134 0.3542 
C 6.4330 ab 622.0373 0.3542 
H 6.4218 ab 615.1093 0.3542 
K 6.3278 ab 559.9234 0.3542 
D 6.2873 ab 537.6996 0.3542 
G 6.2387 ab 512.1922 0.3542 
B 6.0909 ab 441.8189 0.3642 
I 5.8989 b 364.6361 0.3542 
SE = Standard error of the mean; x: ln (Afl B1 + 1) = natural log of (aflatoxin B1 + 1); † Means 
followed by the same letter are not significantly different at α = 0.05; y: Total aflatoxin 




Table 5.13 Comparison of grain yield estimates of MonF x Mp313E NIL testcrosses with testcrosses of donor and recurrent 
parents. 
Testcross of NIL MT1 + Mp313E (tn ha-1) MT1 + MonF (tn ha-1) MT2 + MonF (tn ha-1) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
B -1.00 ± 0.68 -1.47 0.1438 -1.12 ± 0.79 -1.42 0.1569 0.63 ± 0.79 0.80 0.4228 
C -0.92 ± 0.68 -1.36 0.1750 -1.05 ± 0.79 -1.33 0.1853 0.70 ± 0.79 0.89 0.3720 
D -1.08 ± 0.68 -1.60 0.1116 -1.21 ± 0.79 -1.53 0.1266 0.54 ± 0.79 0.69 0.4908 
E -0.68 ± 0.68 -1.00 0.3177 -0.80 ± 0.79 -1.02 0.3095 0.95 ± 0.79 1.20 0.2296 
F -1.54 ± 0.69 -2.24 0.0261* -1.66 ± 0.79 -2.09 0.0374* 0.09 ± 0.79 0.11 0.9096 
G -1.80 ± 0.69 -2.63 0.0094* -1.92 ± 0.79 -2.42 0.0162* -0.17 ± 0.79 -0.22 0.8297 
H -1.00 ± 0.68 -1.48 0.1411 -1.13 ± 0.79 -1.43 0.1544 0.63 ± 0.79 0.79 0.4278 
I -0.88 ± 0.69 -1.29 0.1991 -1.01 ± 0.80 -1.27 0.2061 0.74 ± 0.80 0.93 0.3510 
J -1.37 ± 0.68 -2.01 0.0456* -1.49 ± 0.79 -1.89 0.0599 0.26 ± 0.79 0.33 0.7394 
K -0.78 ± 0.68 -1.15 0.2519 -0.90 ± 0.79 -1.15 0.2532 0.85 ± 0.79 1.08 0.2824 
L -0.81 ± 0.68 -1.19 0.2360 -0.93 ± 0.79 -1.18 0.2393 0.82 ± 0.79 1.04 0.2979 
M -0.83 ± 0.68 -1.23 0.2217 -0.95 ± 0.79 -1.21 0.2268 0.80 ± 0.79 1.01 0.3130 
SE = Standard error of the difference between means; *Significant at α=0.05; MT1 = Male tester 1; MT2 = Male tester 2.  
Estimate is the difference in grain yield (tn ha-1) between parental inbred testcross and NIL testcross expressed as ‘parental inbred 
testcross estimate minus NIL testcross estimate’.  
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Table 5.14 Comparison of plant height estimates of MonF x Mp313E NIL testcrosses with testcrosses of donor and recurrent 
parents. 
Testcross of NIL MT1 + Mp313E (cm) MT1 + MonF (cm) MT2 + MonF (cm) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
B 39.21 ± 5.19 7.56 <0.0001* -4.03 ± 5.92 -0.68 0.4958 -11.97 ± 5.92 -2.02 0.0439* 
C 43.67 ± 5.09 8.58 <0.0001* 0.42 ± 5.83 0.07 0.9422 -7.51 ± 5.83 -1.29 0.1985 
D 41.77 ± 5.09 8.20 <0.0001* -1.48 ± 5.83 -0.25 0.7996 -9.42 ± 5.83 -1.62 0.1073 
E 36.84 ± 5.09 7.24 <0.0001* -6.40 ± 5.83 -1.10 0.2731 -14.34 ± 5.83 -2.46 0.0145* 
F 39.07 ± 5.09 7.67 <0.0001* -4.18 ± 5.83 -0.72 0.4740 -12.12 ± 5.83 -2.08 0.0385* 
G 39.01 ± 5.09 7.66 <0.0001* -4.23 ± 5.83 -0.73 0.4684 -12.17 ± 5.83 -2.09 0.0377* 
H 34.67 ± 5.09 6.81 <0.0001* -8.57 ± 5.83 -1.47 0.1426 -16.51 ± 5.83 -2.83 0.0049* 
I 38.43 ± 5.09 7.55 <0.0001* -4.82 ± 5.83 -0.83 0.4096 -12.75 ± 5.83 -2.19 0.0295* 
J 33.75 ± 5.19 6.51 <0.0001* -9.50 ± 5.92 -1.61 0.1094 -17.43 ± 5.92 -2.95 0.0034* 
K 38.33 ± 5.09 7.53 <0.0001* -4.92 ± 5.83 -0.84 0.3994 -12.86 ± 5.83 -2.21 0.0282* 
L 39.91 ± 5.09 7.84 <0.0001* -3.33 ± 5.83 -0.57 0.5680 -11.27 ± 5.83 -1.93 0.0542 
M 40.07 ± 5.09 7.87 <0.0001* -3.18 ± 5.83 -0.54 0.5865 -11.11 ± 5.83 -1.91 0.0576 
SE = Standard error of the difference between means; *Significant at α=0.05; MT1 = Male tester 1; MT2 = Male tester 2.  
Estimate is the difference in plant height (cm) between parental inbred testcross and NIL testcross expressed as ‘parental inbred 
testcross estimate minus NIL testcross estimate’.  
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Table 5.15 Comparison of ear height estimates of MonF x Mp313E NIL testcrosses with testcrosses of donor and recurrent parents. 
Testcross of 
NIL 
MT1 + Mp313E (cm) MT1 + MonF (cm) MT2 + MonF (cm) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
B 26.10 ± 4.68 5.58 <0.0001* -3.25 ± 5.16 -0.63 0.5287 -2.72 ± 5.16 -0.53 0.5978 
C 26.28 ± 4.61 5.70 <0.0001* -3.07 ± 5.10 -0.60 0.5475 -2.54 ± 5.10 -0.50 0.6186 
D 24.86 ± 4.61 5.39 <0.0001* -4.50 ± 5.10 -0.88 0.3782 -3.97 ± 5.10 -0.78 0.4368 
E 22.74 ± 4.61 4.94 <0.0001* -6.61 ± 5.10 -1.30 0.1954 -6.09 ± 5.10 -1.19 0.2335 
F 23.69 ± 4.61 5.14 <0.0001* -5.66 ± 5.10 -1.11 0.2675 -5.13 ± 5.10 -1.01 0.3147 
G 24.59 ± 4.61 5.34 <0.0001* -4.76 ± 5.10 -0.93 0.3509 -4.23 ± 5.10 -0.83 0.4069 
H 23.43 ± 4.61 5.08 <0.0001* -5.93 ± 5.10 -1.16 0.2459 -5.40 ± 5.10 -1.06 0.2905 
I 26.66 ± 4.61 5.78 <0.0001* -2.70 ± 5.10 -0.53 0.5969 -2.17 ± 5.10 -0.43 0.6707 
J 21.68 ± 4.68 4.64 <0.0001* -7.67 ± 5.16 -1.49 0.1381 -7.14 ± 5.16 -1.38 0.1673 
K 24.54 ± 4.61 5.33 <0.0001* -4.82 ± 5.10 -0.94 0.3456 -4.29 ± 5.10 -0.84 0.4011 
L 23.69 ± 4.61 5.14 <0.0001* -5.66 ± 5.10 -1.11 0.2675 -5.13 ± 5.10 -1.01 0.3147 
M 24.59 ± 4.61 5.34 <0.0001* -4.76 ± 5.10 -0.93 0.3509 -4.23 ± 5.10 -0.83 0.4069 
SE = Standard error of the difference between means; *Significant at α=0.05; MT1 = Male tester 1; MT2 = Male tester 2. 
Estimate is the difference in ear height (cm) between parental inbred testcross and NIL testcross expressed as ‘parental inbred 
testcross estimate minus NIL testcross estimate’.  
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Table 5.16 Comparison of S50 (growing degree day units required for 50 percent plants in a plot to silk) estimates of MonF x 
Mp313E NIL testcrosses with testcrosses of donor and recurrent parents. 
Testcross of 
NIL 
MT1 + Mp313E (GDUs) MT1 + MonF (GDUs) MT2 + MonF (GDUs) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
B 266.79 ± 19.84 13.44 <0.0001* 25.76 ± 21.97 1.17 0.2419 -1.74 ± 21.97 -0.08 0.9370 
C 260.27 ± 19.55 13.32 <0.0001* 19.25 ± 21.70 0.89 0.3758 -8.25 ± 21.70 -0.38 0.7041 
D 268.77 ± 19.55 13.75 <0.0001* 27.75 ± 21.70 1.28 0.2020 0.25 ± 21.70 0.01 0.9908 
E 268.44 ± 19.55 13.73 <0.0001* 27.42 ± 21.70 1.26 0.2075 -0.08 ± 21.70 0.00 0.9969 
F 241.27 ± 19.55 12.34 <0.0001* 0.25 ± 21.70 0.01 0.9908 -27.25 ± 21.70 -1.26 0.2103 
G 271.27 ± 19.55 13.88 <0.0001* 30.25 ± 21.70 1.39 0.1644 2.75 ± 21.70 0.13 0.8993 
H 268.86 ± 19.55 13.76 <0.0001* 27.83 ± 21.70 1.28 0.2007 0.33 ± 21.70 0.02 0.9878 
I 280.27 ± 19.55 14.34 <0.0001* 39.25 ± 21.70 1.81 0.0716 11.75 ± 21.70 0.54 0.5886 
J 240.28 ± 19.84 12.11 <0.0001* -0.73 ± 21.97 -0.03 0.9732 -28.24 ± 21.97 -1.29 0.1997 
K 273.69 ± 19.55 14.00 <0.0001* 32.67 ± 21.70 1.51 0.1334 5.17 ± 21.70 0.24 0.8120 
L 257.52 ± 19.55 13.18 <0.0001* 16.50 ± 21.70 0.76 0.4477 -11.00 ± 21.70 -0.51 0.6126 
M 250.52 ± 19.55 12.82 <0.0001* 9.50 ± 21.70 0.44 0.6619 -18.00 ± 21.70 -0.83 0.4076 
SE = Standard error of the difference between means; *Significant at α=0.05; MT1 = Male tester 1; MT2 = Male tester 2. 
Estimate is the difference in S50 (GDUs) between parental inbred testcross and NIL testcross expressed as ‘parental inbred testcross 
estimate minus NIL testcross estimate’.  
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Table 5.17 Comparison of P50 (growing degree day units required for 50 percent plants in a plot to shed pollen) estimates of MonF 
x Mp313E NIL testcrosses with testcrosses of donor and recurrent parents. 
Testcross of 
NIL 
MT1 + Mp313E (GDUs) MT1 + MonF (GDUs) MT2 + MonF (GDUs) 
 Estimate ± SE 
t 
value 
Pr>ItI Estimate ± SE 
t 
value 




B 200.23 ± 20.94 9.56 <0.0001* 33.46 ± 22.79 1.47 0.1432 -12.38 ± 22.79 -0.54 0.5875 
C 203.94 ± 20.66 9.87 <0.0001* 37.17 ± 22.54 1.65 0.1003 -8.67 ± 22.54 -0.38 0.7009 
D 207.69 ± 20.66 10.05 <0.0001* 40.92 ± 22.54 1.82 0.0706 -4.92 ± 22.54 -0.22 0.8275 
E 207.69 ± 20.66 10.05 <0.0001* 40.92 ± 22.54 1.82 0.0706 -4.92 ± 22.54 -0.22 0.8275 
F 183.36 ± 20.66 8.87 <0.0001* 16.58 ± 22.54 0.74 0.4625 -29.25 ± 22.54 -1.30 0.1955 
G 217.44 ± 20.66 10.52 <0.0001* 50.67 ± 22.54 2.25 0.0254* 4.83 ± 22.54 0.21 0.8304 
H 203.86 ± 20.66 9.87 <0.0001* 37.08 ± 22.54 1.65 0.1011 -8.75 ± 22.54 -0.39 0.6982 
I 221.69 ± 20.66 10.73 <0.0001* 54.92 ± 22.54 2.44 0.0155* 9.08 ± 22.54 0.40 0.6873 
J 173.94 ± 20.94 8.31 <0.0001* 7.16 ± 22.79 0.31 0.7535 -38.67 ± 22.79 -1.70 0.0908 
K 221.94 ± 20.66 10.74 <0.0001* 55.17 ± 22.54 2.45 0.0150* 9.33 ± 22.54 0.41 0.6791 
L 196.69 ± 20.66 9.52 <0.0001* 29.92 ± 22.54 1.33 0.1855 -15.92 ± 22.54 -0.71 0.4807 
M 196.86 ± 20.66 9.53 <0.0001* 30.08 ± 22.54 1.33 0.1831 -15.75 ± 22.54 -0.70 0.4853 
SE = Standard error of the difference between means; *Significant at α=0.05; MT1 = Male tester 1; MT2 = Male tester 2. 
Estimate is the difference in natural log-transformed aflatoxin content between parental inbred testcross and NIL testcross expressed 
as ‘parental inbred testcross estimate minus NIL testcross estimate’.  
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Table 5.18 Comparison of anthesis silking interval estimates of MonF x Mp313E NIL testcrosses with testcrosses of donor and 
recurrent parents. 
Testcross of NIL MT1 + Mp313E (GDUs) MT1 + MonF (GDUs) MT2 + MonF (GDUs) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
B 65.77 ± 13.25 4.96 <0.0001* -7.21 ± 15.49 -0.47 0.6420 11.12 ± 15.49 0.72 0.4733 
C 55.07 ± 12.96 4.25 <0.0001* -17.92 ± 15.25 -1.18 0.2410 0.42 ± 15.25 0.03 0.9782 
D 59.82 ± 12.96 4.61 <0.0001* -13.17 ± 15.25 -0.86 0.3886 5.17 ± 15.25 0.34 0.7350 
E 59.48 ± 12.96 4.59 <0.0001* -13.50 ± 15.25 -0.89 0.3767 4.83 ± 15.25 0.32 0.7515 
F 56.65 ± 12.96 4.37 <0.0001* -16.33 ± 15.25 -1.07 0.2850 2.00 ± 15.25 0.13 0.8957 
G 52.57 ± 12.96 4.06 <0.0001* -20.42 ± 15.25 -1.34 0.1817 -2.08 ± 15.25 -0.14 0.8914 
H 63.73 ± 12.96 4.92 <0.0001* -9.25 ± 15.25 -0.61 0.5446 9.08 ± 15.25 0.60 0.5518 
I 57.32 ± 12.96 4.42 <0.0001* -15.67 ± 15.25 -1.03 0.3051 2.67 ± 15.25 0.17 0.8613 
J 64.68 ± 13.25 4.88 <0.0001* -8.30 ± 15.49 -0.54 0.5925 10.03 ± 15.49 0.65 0.5177 
K 50.48 ± 12.96 3.89 0.0002* -22.50 ± 15.25 -1.48 0.1412 -4.17 ± 15.25 -0.27 0.7849 
L 59.57 ± 12.96 4.60 <0.0001* -13.42 ± 15.25 -0.88 0.3797 4.92 ± 15.25 0.32 0.7474 
M 52.40 ± 12.96 4.04 <0.0001* -20.58 ± 15.25 -1.35 0.1782 -2.25 ± 15.25 -0.15 0.8828 
SE = Standard error of the difference between means; *Significant at α=0.05; MT1 = Male tester 1; MT2 = Male tester 2. 
Estimate is the difference in anthesis silking interval (GDUs) between parental inbred testcross and NIL testcross expressed as 
‘parental inbred testcross estimate minus NIL testcross estimate’.  
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Table 5.19 Comparison of husk coverage rating estimates of MonF x Mp313E NIL testcrosses with testcrosses of donor and 
recurrent parents. 
Testcross of NIL MT1 + Mp313E MT1 + MonF MT2 + MonF 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
B 1.04 ± 0.21 4.96 <0.0001* -0.04 ± 0.24 -0.18 0.8552 0.12 ± 0.24 0.51 0.6138 
C 1.00 ± 0.20 4.87 <0.0001* -0.08 ± 0.24 -0.35 0.7271 0.08 ± 0.24 0.35 0.7271 
D 0.91 ± 0.20 4.47 <0.0001* -0.17 ± 0.24 -0.70 0.4854 0.00 ± 0.24 0.00 1.0000 
E 1.16 ± 0.20 5.69 <0.0001* 0.08 ± 0.24 0.35 0.7271 0.25 ± 0.24 1.05 0.2956 
F 0.91 ± 0.20 4.47 <0.0001* -0.17 ± 0.24 -0.70 0.4854 0.00 ± 0.24 0.00 1.0000 
G 0.83 ± 0.20 4.06 <0.0001* -0.25 ± 0.24 -1.05 0.2956 -0.08 ± 0.24 -0.35 0.7271 
H 0.66 ± 0.20 3.24 0.0015* -0.42 ± 0.24 -1.75 0.0819 -0.25 ± 0.24 -1.05 0.2956 
I 0.75 ± 0.20 3.65 0.0004* -0.33 ± 0.24 -1.40 0.1635 -0.17 ± 0.24 -0.70 0.4854 
J 0.97 ± 0.21 4.63 <0.0001* -0.11 ± 0.24 -0.47 0.6383 0.05 ± 0.24 0.22 0.8281 
K 0.66 ± 0.20 3.24 0.0015* -0.42 ± 0.24 -1.75 0.0819 -0.25 ± 0.24 -1.05 0.2956 
L 0.66 ± 0.20 3.24 0.0015* -0.42 ± 0.24 -1.75 0.0819 -0.25 ± 0.24 -1.05 0.2956 
M 0.66 ± 0.20 3.24 0.0015* -0.42 ± 0.24 -1.75 0.0819 -0.25 ± 0.24 -1.05 0.2956 
SE = Standard error of the difference between means; *Significant at α=0.05; MT1 = Male tester 1; MT2 = Male tester 2. 
Estimate is the difference in husk coverage ratings between parental inbred testcross and NIL testcross expressed as ‘parental inbred 





Testcrosses of MonM x Mp313E near isogenic lines 
Aflatoxin accumulation 
 None of the near isogenic lines (NILs) from MonM x Mp313E cross significantly 
improved their resistance to aflatoxin accumulation compared to their recurrent parent, MonM 
(Table 4.23). However, NILs H and L were ranked as the top two resistant lines compared to 
MonM and hence the results of their testcrosses were emphasized here.  
When compared to donor parent testcross FT2 + Mp313E (3.62 ± 0.3571), all NIL testcrosses 
accumulated significantly greater amount of natural log-transformed aflatoxin content. However, 
the aflatoxin accumulation of most of their testcrosses was not significantly different from their 
recurrent parent testcrosses, FT1 + MonM (6.5569 ± 0.4757) and FT2 + MonM (5.3075 ± 
0.4444). The testcrosses of NILs H and L accumulated significantly less aflatoxin than FT1 + 
MonM testcross which was a good sign (Table 5.20). The natural log-transformed aflatoxin 
content ranged between 4.864 ± 0.3542 in NIL A testcrosses and 6.3637 ± 0.3542 in NIL I 
testcrosses (Table 5.21). 
Secondary agronomic traits 
 There were no significant differences in the grain yield between testcrosses of NILs and 
testcross of donor parent FT2 + Mp313E (10.50 ± 0.88 tn ha-1). Also, except in one instance, 
there were no significant differences in the grain yield between testcrosses of NILs and 
testcrosses of recurrent parent FT1 + MonM (10.94 ± 1.02 tn ha-1), and FT2 + MonM (11.81 ± 
1.02 tn ha-1) (Table 5.22). 
 Compared to the donor parent testcross FT2 + Mp313E, plants of all NIL testcrosses 
grew shorter, had lower ear placement, flowered earlier, and had narrower anthesis silking 
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intervals. Compared to the recurrent parent testcrosses FT1 + MonM and FT2 + MonM, 
testcrosses of all NILs were not significantly different for most of the secondary traits (Table 
5.23, 5.24, 5.25, 5.26, 5.27, and 5.28).  
 Except for husk coverage, all other secondary traits were not significantly different 
between recurrent parent testcrosses and testcrosses of NILs H and L. This suggests that NILs H 
and L consistently performed on par with their recurrent parents both as lines per se and as 
hybrids.   
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Table 5.20 Comparison of natural log-transformed aflatoxin estimates of MonM x Mp313E NIL testcrosses with testcrosses of 
donor and recurrent parents. 
Testcross of NIL FT2 + Mp313E FT1 + MonM FT2 + MonM 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A -1.2440 ± 0.3825 -3.25 0.0015* 1.6929 ± 0.4950 3.42 0.0007* 0.4435 ± 0.4651 0.95 0.3412 
B -2.1326 ± 0.3825 -5.58 <0.0001* 0.8043 ± 0.4950 1.62 0.1052 -0.4451 ± 0.4651 -0.96 0.3394 
C -2.0308 ± 0.3825 -5.31 <0.0001* 0.9061 ± 0.4950 1.83 0.0681 -0.3433 ± 0.4651 -0.74 0.4611 
E -2.0749 ± 0.3825 -5.42 <0.0001* 0.8620 ± 0.4950 1.74 0.0826 -0.3874 ± 0.4651 -0.83 0.4056 
F -2.6776 ± 0.3825 -7.00 <0.0001* 0.2593 ± 0.4950 0.52 0.6008 -0.9901 ± 0.4651 -2.13 0.0342* 
G -2.2549 ± 0.3825 -5.90 <0.0001* 0.6820 ± 0.4950 1.38 0.1693 -0.5674 ± 0.4651 -1.22 0.2235 
H -1.8037 ± 0.3825 -4.72 <0.0001* 1.1332 ± 0.4950 2.29 0.0227* -0.1162 ± 0.4651 -0.25 0.8029 
I -2.7437 ± 0.3825 -7.17 <0.0001* 0.1931 ± 0.4950 0.39 0.6967 -1.0562 ± 0.4651 -2.27 0.0239* 
J -1.9367 ± 0.3918 -4.94 <0.0001* 1.0002 ± 0.5023 1.99 0.0473* -0.2492 ± 0.4727 -0.53 0.5985 
K -2.0540 ± 0.3825 -5.37 <0.0001* 0.8828 ± 0.4950 1.78 0.0755 -0.3666 ± 0.4651 -0.79 0.4313 
L -1.6931 ± 0.3825 -4.43 <0.0001* 1.2438 ± 0.4950 2.51 0.0125* -0.0056 ± 0.4651 -0.01 0.9903 
M -2.2122 ± 0.3918 -5.65 <0.0001* 0.7246 ± 0.5020 1.44 0.1498 -0.5247 ± 0.4727 -1.11 0.2680 
N -2.3004 ± 0.3918 -5.87 <0.0001* 0.6365 ± 0.5022 1.27 0.2060 -0.6129 ± 0.4727 -1.30 0.1959 
O -2.2968 ± 0.3825 -6.00 <0.0001* 0.6401 ± 0.4950 1.29 0.1970 -0.6093 ± 0.4651 -1.31 0.1913 
P -2.5512 ± 0.4010 -6.36 <0.0001* 0.3856 ± 0.5096 0.76 0.4497 -0.8638 ± 0.4804 -1.80 0.0732 
Q -2.2822 ± 0.3825 -5.97 <0.0001* 0.6547 ± 0.4950 1.32 0.1869 -0.5947 ± 0.4651 -1.28 0.2021 
R -2.1634 ± 0.3825 -5.66 <0.0001* 0.7735 ± 0.4950 1.56 0.1192 -0.4759 ± 0.4651 -1.02 0.3071 
SE = Standard error of the difference between means; *Significant at α=0.05; FT1 = Female tester 1; FT2 = Female tester 2. 
Estimate is the difference in natural log-transformed aflatoxin content between parental inbred testcross and NIL testcross expressed 
as ‘parental inbred testcross estimate minus NIL testcross estimate’. 
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Table 5.21 Estimated means for the aflatoxin accumulation in testcrosses of MonM x Mp313E 
NILs averaged across testers. 
NIL ln (Afl B1 +1) x † Aflatoxin B1y SE 
  ng g-1  
I 6.3637 a 580.3898 0.3542 
F 6.2976 ab 543.2665 0.3542 
P 6.1712 abc 478.7603 0.3741 
N 5.9204 abcd 372.5607 0.3642 
O 5.9168 abcd 371.2219 0.3542 
Q 5.9022 abcd 365.8414 0.3542 
G 5.8749 abcd 355.9891 0.3542 
M 5.8322 abcd 341.1083 0.3642 
R 5.7834 abcd 324.8618 0.3542 
B 5.7526 abcd 315.0086 0.3542 
E 5.6949 abcd 297.3471 0.3542 
K 5.6740 abcd 291.197 0.3542 
C 5.6508 abcd 284.519 0.3542 
J 5.5567 bcde 258.9668 0.3642 
H 5.4237 cde 226.7164 0.3542 
L 5.3131 de 202.9785 0.3542 
A 4.8640 e 129.5413 0.3542 
SE = Standard error of the mean; x: ln (Afl B1 + 1) = natural log of (aflatoxin B1 + 1); † Means 
followed by the same letter are not significantly different at α = 0.05; y: Total aflatoxin 




Table 5.22 Comparison of grain yield estimates of MonM x Mp313E NIL testcrosses with testcrosses of donor and recurrent 
parents. 
Testcross of NIL FT2 + Mp313E (tn ha-1) FT1 + MonM (tn ha-1) FT2 + MonM (tn ha-1) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A -0.16 ± 0.71 -0.22 0.8227 0.28 ± 0.87 0.32 0.7486 1.15 ± 0.87 1.32 0.1878 
B -0.22 ± 0.72 -0.31 0.7601 0.22 ± 0.88 0.25 0.8050 1.09 ± 0.88 1.23 0.2178 
C -0.69 ± 0.72 -0.95 0.3414 -0.25 ± 0.88 -0.28 0.7760 0.62 ± 0.88 0.70 0.4828 
E -0.44 ± 0.71 -0.62 0.5337 -0.00 ± 0.87 -0.01 0.9960 0.87 ± 0.87 0.99 0.3210 
F 0.45 ± 0.71 0.63 0.5278 0.89 ± 0.87 1.02 0.3083 1.76 ± 0.87 2.02 0.0441* 
G -0.37 ± 0.74 -0.50 0.6197 0.07 ± 0.89 0.08 0.9345 0.94 ± 0.89 1.06 0.2905 
H -1.25 ± 0.72 -1.72 0.0864 -0.81 ± 0.88 -0.92 0.3604 0.06 ± 0.88 0.07 0.9430 
I -0.36 ± 0.72 -0.50 0.6159 0.08 ± 0.88 0.09 0.9318 0.95 ± 0.88 1.07 0.2840 
J -0.51 ± 0.71 -0.72 0.4745 -0.07 ± 0.87 -0.08 0.9354 0.80 ± 0.87 0.92 0.3594 
K -0.45 ± 0.72 -0.62 0.5377 -0.01 ± 0.88 -0.01 0.9931 0.86 ± 0.88 0.98 0.3284 
L -0.40 ± 0.71 -0.57 0.5712 0.04 ± 0.87 0.04 0.9674 0.91 ± 0.87 1.04 0.2992 
M -0.55 ± 0.72 -0.76 0.4501 -0.11 ± 0.88 -0.12 0.9021 0.76 ± 0.88 0.86 0.3881 
N -0.98 ± 0.71 -1.37 0.1709 -0.54 ± 0.87 -0.62 0.5372 0.33 ± 0.87 0.38 0.7035 
O 0.03 ± 0.71 0.05 0.9631 0.47 ± 0.87 0.54 0.5884 1.34 ± 0.87 1.54 0.1242 
P -0.14 ± 0.71 -0.20 0.8418 0.30 ± 0.87 0.34 0.7335 1.17 ± 0.87 1.34 0.1812 
Q -0.35 ± 0.71 -0.49 0.6236 0.09 ± 0.87 0.10 0.9184 0.96 ± 0.87 1.10 0.2715 
R -0.39 ± 0.71 -0.55 0.5856 0.05 ± 0.87 0.06 0.9537 0.92 ± 0.87 1.06 0.2913 
SE = Standard error of the difference between means; *Significant at α=0.05; FT1 = Female tester 1; FT2 = Female tester 2. 
Estimate is the difference in grain yield (tn ha-1) between parental inbred testcross and NIL testcross expressed as ‘parental inbred 
testcross estimate minus NIL testcross estimate’.  
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Table 5.23 Comparison of plant height estimates of MonM x Mp313E NIL testcrosses with testcrosses of donor and recurrent 
parents. 
Testcross of NIL FT2 + Mp313E (cm) FT1 + MonM (cm) FT2 + MonM (cm) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A 55.49 ± 5.00 11.09 <0.0001* -5.56 ± 6.16 -0.90 0.3679 -1.02 ± 5.83 -0.18 0.8609 
B 59.16 ± 5.00 11.82 <0.0001* -1.89 ± 6.16 -0.31 0.7597 2.65 ± 5.83 0.45 0.6504 
C 58.95 ± 5.00 11.78 <0.0001* -2.10 ± 6.16 -0.34 0.7337 2.43 ± 5.83 0.42 0.6767 
E 56.99 ± 5.00 11.39 <0.0001* -4.06 ± 6.16 -0.66 0.5108 0.48 ± 5.83 0.08 0.9350 
F 58.63 ± 5.00 11.72 <0.0001* -2.42 ± 6.16 -0.39 0.6953 2.12 ± 5.83 0.36 0.7169 
G 52.76 ± 5.00 10.54 <0.0001* -8.29 ± 6.16 -1.35 0.1794 -3.76 ± 5.83 -0.64 0.5199 
H 55.25 ± 5.00 11.04 <0.0001* -5.80 ± 6.16 -0.94 0.3471 -1.27 ± 5.83 -0.22 0.8277 
I 57.20 ± 5.00 11.43 <0.0001* -3.84 ± 6.16 -0.62 0.5331 0.69 ± 5.83 0.12 0.9062 
J 53.56 ± 5.10 10.50 <0.0001* -7.49 ± 6.24 -1.20 0.2310 -2.96 ± 5.92 -0.50 0.6173 
K 56.25 ± 5.00 11.24 <0.0001* -4.80 ± 6.16 -0.78 0.4368 -0.26 ± 5.83 -0.05 0.9638 
L 58.10 ± 5.00 11.61 <0.0001* -2.94 ± 6.16 -0.48 0.6330 1.59 ± 5.83 0.27 0.7856 
M 57.07 ± 5.10 11.19 <0.0001* -3.97 ± 6.24 -0.64 0.5245 0.56 ± 5.92 0.09 0.9250 
N 55.68 ± 5.10 10.91 <0.0001* -5.37 ± 6.24 -0.86 0.3903 -0.84 ± 5.92 -0.14 0.8876 
O 55.93 ± 5.00 11.18 <0.0001* -5.11 ± 6.16 -0.83 0.4071 -0.58 ± 5.83 -0.10 0.9206 
P 59.83 ± 5.20 11.51 <0.0001* -1.22 ± 6.32 -0.19 0.8474 3.31 ± 6.00 0.55 0.5811 
Q 60.06 ± 5.00 12.00 <0.0001* -0.99 ± 6.16 -0.16 0.8729 3.55 ± 5.83 0.61 0.5437 
R 53.98 ± 5.00 10.79 <0.0001* -7.07 ± 6.16 -1.15 0.2519 -2.54 ± 5.83 -0.44 0.6635 
SE = Standard error of the difference between means; *Significant at α=0.05; FT1 = Female tester 1; FT2 = Female tester 2. 
Estimate is the difference in plant height (cm) between parental inbred testcross and NIL testcross expressed as ‘parental inbred 
testcross estimate minus NIL testcross estimate’.  
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Table 5.24 Comparison of ear height estimates of MonM x Mp313E NIL testcrosses with testcrosses of donor and recurrent 
parents. 
Testcross of NIL FT2 + Mp313E (cm) FT1 + MonM (cm) FT2 + MonM (cm) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A 31.31 ± 4.55 6.88 <0.0001* -0.11 ± 5.34 -0.02 0.9838 -4.07 ± 5.10 -0.80 0.4247 
B 34.31 ± 4.55 7.54 <0.0001* 2.89 ± 5.34 0.54 0.5887 -1.08 ± 5.10 -0.21 0.8329 
C 30.85 ± 4.55 6.78 <0.0001* -0.57 ± 5.34 -0.11 0.9155 -4.53 ± 5.10 -0.89 0.3745 
E 31.75 ± 4.55 6.98 <0.0001* 0.33 ± 5.34 0.06 0.9504 -3.63 ± 5.10 -0.71 0.4765 
F 31.59 ± 4.55 6.95 <0.0001* 0.17 ± 5.34 0.03 0.9741 -3.79 ± 5.10 -0.74 0.4574 
G 28.13 ± 4.55 6.19 <0.0001* -3.28 ± 5.34 -0.61 0.5390 -7.25 ± 5.10 -1.42 0.1560 
H 29.69 ± 4.55 6.53 <0.0001* -1.73 ± 5.34 -0.32 0.7459 -5.70 ± 5.10 -1.12 0.2646 
I 30.90 ± 4.55 6.79 <0.0001* -0.51 ± 5.34 -0.10 0.9233 -4.48 ± 5.10 -0.88 0.3801 
J 30.87 ± 4.62 6.69 <0.0001* -0.54 ± 5.40 -0.10 0.9199 -4.51 ± 5.16 -0.87 0.3828 
K 30.74 ± 4.55 6.76 <0.0001* -0.67 ± 5.34 -0.13 0.8998 -4.64 ± 5.10 -0.91 0.3635 
L 31.38 ± 4.55 6.90 <0.0001* -0.04 ± 5.34 -0.01 0.9943 -4.00 ± 5.10 -0.79 0.4327 
M 31.73 ± 4.62 6.87 <0.0001* 0.32 ± 5.40 0.06 0.9532 -3.65 ± 5.16 -0.71 0.4798 
N 30.64 ± 4.62 6.63 <0.0001* -0.78 ± 5.40 -0.14 0.8849 -4.75 ± 5.16 -0.92 0.3581 
O 29.42 ± 4.55 6.47 <0.0001* -2.00 ± 5.34 -0.37 0.7088 -5.96 ± 5.10 -1.17 0.2431 
P 34.28 ± 4.69 7.31 <0.0001* 2.87 ± 5.46 0.52 0.6000 -1.10 ± 5.22 -0.21 0.8333 
Q 36.20 ± 4.55 7.96 <0.0001* 4.78 ± 5.34 0.89 0.3716 0.81 ± 5.10 0.16 0.8736 
R 30.43 ± 4.55 6.69 <0.0001* -0.99 ± 5.34 -0.19 0.8529 4.96 ± 5.10 -0.97 0.3316 
SE = Standard error of the difference between means; *Significant at α=0.05; FT1 = Female tester 1; FT2 = Female tester 2. 
Estimate is the difference in ear height (cm) between parental inbred testcross and NIL testcross expressed as ‘parental inbred 
testcross estimate minus NIL testcross estimate’.  
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Table 5.25 Comparison of S50 (growing degree day units required for 50 percent plants in a plot to silk) estimates of MonM x 
Mp313E NIL testcrosses with testcrosses of donor and recurrent parents. 
Testcross of NIL FT2 + Mp313E (GDUs) FT1 + MonM (GDUs) FT2 + MonM (GDUs) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A 267.17 ± 19.29 13.85 <0.0001* 33.01 ± 22.76 1.45 0.1479 -13.42 ± 21.70 -0.62 0.5369 
B 245.92 ± 19.29 12.75 <0.0001* 11.76 ± 22.76 0.52 0.6056 -34.67 ± 21.70 -1.60 0.1113 
C 222.50 ± 19.29 11.54 <0.0001* -11.65 ± 22.76 -0.51 0.6091 -58.08 ± 21.70 -2.68 0.0079* 
E 243.67 ± 19.29 12.63 <0.0001* 9.51 ± 22.76 0.42 0.6762 -36.92 ± 21.70 -1.70 0.0900 
F 254.67 ± 19.29 13.20 <0.0001* 20.51 ± 22.76 0.90 0.3681 -25.92 ± 21.70 -1.19 0.2334 
G 254.92 ± 19.29 13.22 <0.0001* 20.76 ± 22.76 0.91 0.3623 -25.67 ± 21.70 -1.18 0.2379 
H 243.58 ± 19.29 12.63 <0.0001* 9.43 ± 22.76 0.41 0.6789 -37.00 ± 21.70 -1.70 0.0893 
I 237.17 ± 19.29 12.30 <0.0001* 3.01 ± 22.76 0.13 0.8947 -43.42 ± 21.70 -2.00 0.0464* 
J 250.68 ± 19.59 12.80 <0.0001* 16.53 ± 23.02 0.72 0.4732 -29.90 ± 21.97 -1.36 0.1746 
K 252.92 ± 19.29 13.11 <0.0001* 18.76 ± 22.76 0.82 0.4103 -27.67 ± 21.70 -1.27 0.2034 
L 253.08 ± 19.29 13.12 <0.0001* 18.93 ± 22.76 0.83 0.4062 -27.50 ± 21.70 -1.27 0.2061 
M 232.93 ± 19.59 11.89 <0.0001* -1.22 ± 23.01 -0.05 0.9576 -47.65 ± 21.97 -2.17 0.0309* 
N 246.96 ± 19.59 12.61 <0.0001* 12.81 ± 23.02 0.56 0.5782 -33.62 ± 21.97 -1.53 0.1271 
O 259.75 ± 19.29 13.47 <0.0001* 25.60 ± 22.76 1.12 0.2616 -20.83 ± 21.70 -0.96 0.3379 
P 245.96 ± 19.89 12.36 <0.0001* 11.81 ± 23.28 0.51 0.6125 -34.63 ± 22.24 -1.56 0.1206 
Q 241.00 ± 19.29 12.50 <0.0001* 6.85 ± 22.76 0.30 0.7637 -39.58 ± 21.70 -1.82 0.0692 
R 227.17 ± 19.29 11.78 <0.0001* -6.99 ± 22.76 -0.31 0.7591 -53.42 ± 21.70 -2.46 0.0144* 
SE = Standard error of the difference between means; *Significant at α=0.05; FT1 = Female tester 1; FT2 = Female tester 2. 
Estimate is the difference in S50 (GDUs) between parental inbred testcross and NIL testcross expressed as ‘parental inbred testcross 
estimate minus NIL testcross estimate’.  
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Table 5.26 Comparison of P50 (growing degree day units required for 50 percent plants in a plot to shed pollen) estimates of 
MonM x Mp313E NIL testcrosses with testcrosses of donor and recurrent parents. 
Testcross of NIL FT2 + Mp313E (GDUs) FT1 + MonM (GDUs) FT2 + MonM (GDUs) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A 189.00 ± 20.44 9.25 <0.0001* 9.51 ± 23.52 0.40 0.6861 9.33 ± 22.54 0.41 0.6791 
B 172.75 ± 20.44 8.45 <0.0001* -6.74 ± 23.52 -0.29 0.7747 -6.92 ± 22.54 -0.31 0.7592 
C 147.50 ± 20.44 7.22 <0.0001* -31.99 ± 23.52 -1.36 0.1748 -32.17 ± 22.54 -1.43 0.1547 
E 180.25 ± 20.44 8.82 <0.0001* 0.76 ± 23.52 0.03 0.9741 0.58 ± 22.54 0.03 0.9794 
F 165.92 ± 20.44 8.12 <0.0001* -13.57 ± 23.52 -0.58 0.5643 -13.75 ± 22.54 -0.61 0.5424 
G 184.25 ± 20.44 9.02 <0.0001* 4.76 ± 23.52 0.20 0.8397 4.58 ± 22.54 0.20 0.8390 
H 161.50 ± 20.44 7.90 <0.0001* -17.99 ± 23.52 -0.76 0.4450 -18.17 ± 22.54 -0.81 0.4210 
I 166.50 ± 20.44 8.15 <0.0001* -12.99 ± 23.52 -0.55 0.5812 -13.17 ± 22.54 -0.58 0.5596 
J 192.53 ± 20.71 9.30 <0.0001* 13.05 ± 23.76 0.55 0.5833 12.87 ± 22.79 0.56 0.5728 
K 191.42 ± 20.44 9.37 <0.0001* 11.93 ± 23.52 0.51 0.6124 11.75 ± 22.54 0.52 0.6026 
L 180.17 ± 20.44 8.82 <0.0001* 0.68 ± 23.52 0.03 0.9770 0.50 ± 22.54 0.02 0.9823 
M 171.65 ± 20.71 8.29 <0.0001* -7.84 ± 23.75 -0.33 0.7415 -8.02 ± 22.79 -0.35 0.7252 
N 188.04 ± 20.71 9.08 <0.0001* 8.55 ± 23.76 0.36 0.7192 8.37 ± 22.79 0.37 0.7136 
O 191.50 ± 20.44 9.37 <0.0001* 12.01 ± 23.52 0.51 0.6099 11.83 ± 22.54 0.52 0.6000 
P 176.63 ± 20.99 8.42 <0.0001* -2.86 ± 24.00 -0.12 0.9053 -3.04 ± 23.04 -0.13 0.8952 
Q 175.58 ± 20.44 8.59 <0.0001* -3.90 ± 23.52 -0.17 0.8683 -4.08 ± 22.54 -0.18 0.8564 
R 149.17 ± 20.44 7.30 <0.0001* -30.32 ± 23.52 -1.29 0.1983 -30.50 ± 22.54 -1.35 0.1771 
SE = Standard error of the difference between means; *Significant at α=0.05; FT1 = Female tester 1; FT2 = Female tester 2. 
Estimate is the difference in P50 (GDUs) between parental inbred testcross and NIL testcross expressed as ‘parental inbred testcross 
estimate minus NIL testcross estimate’.  
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FT2 + Mp313E FT1 + MonM FT2 + MonM 
 Estimate ± SE 
t 
value 
Pr>ItI Estimate ± SE 
t 
value 




A 78.00 ± 12.70 6.14 <0.0001* 23.59 ± 16.20 1.46 0.1463 -22.75 ± 15.25 -1.49 0.1368 
B 73.00 ± 12.70 5.75 <0.0001* 18.59 ± 16.20 1.15 0.2519 -27.75 ± 15.25 -1.82 0.0699 
C 74.83 ± 12.70 5.89 <0.0001* 20.42 ± 16.20 1.26 0.2083 -25.92 ± 15.25 -1.70 0.0903 
E 63.25 ± 12.70 4.98 <0.0001* 8.84 ± 16.20 0.55 0.5856 -37.50 ± 15.25 -2.46 0.0145* 
F 88.58 ± 12.70 6.98 <0.0001* 34.17 ± 16.20 2.11 0.0357* -12.17 ± 15.25 -0.80 0.4256 
G 70.50 ± 12.70 5.55 <0.0001* 16.09 ± 16.20 0.99 0.3213 -30.25 ± 15.25 -1.98 0.0483* 
H 81.92 ± 12.70 6.45 <0.0001* 27.51 ± 16.20 1.70 0.0905 -18.83 ± 15.25 -1.24 0.2178 
I 70.50 ± 12.70 5.55 <0.0001* 16.09 ± 16.20 0.99 0.3213 -30.25 ± 15.25 -1.98 0.0483* 
J 57.44 ± 12.99 4.42 <0.0001* 3.03 ± 16.43 0.18 0.8536 -43.31 ± 15.49 -2.80 0.0055* 
K 61.33 ± 12.70 4.83 <0.0001* 6.92 ± 16.20 0.43 0.6693 -39.42 ± 15.25 -2.59 0.0103* 
L 72.75 ± 12.70 5.73 <0.0001* 18.34 ± 16.20 1.13 0.2584 -28.00 ± 15.25 -1.84 0.0674 
M 61.79 ± 12.99 4.76 <0.0001* 7.38 ± 16.42 0.45 0.6535 -38.96 ± 15.49 -2.52 0.0124* 
N 58.76 ± 12.99 4.52 <0.0001* 4.36 ± 16.43 0.27 0.7911 -41.99 ± 15.49 -2.71 0.0071* 
O 68.08 ± 12.70 5.36 <0.0001* 13.67 ± 16.20 0.84 0.3992 -32.67 ± 15.25 -2.14 0.0330* 
P 69.10 ± 13.28 5.20 <0.0001* 14.69 ± 16.66 0.88 0.3786 -31.65 ± 15.73 -2.01 0.0452* 
Q 65.25 ± 12.70 5.14 <0.0001* 10.84 ± 16.20 0.67 0.5038 -35.50 ± 15.25 -2.33 0.0206* 
R 77.83 ± 12.70 6.13 <0.0001* 23.42 ± 16.20 1.45 0.1491 22.92 ± 15.25 -1.50 0.1340 
SE = Standard error of the difference between means; *Significant at α=0.05; FT1 = Female tester 1; FT2 = Female tester 2. 
Estimate is the difference in anthesis silking interval (GDUs) between parental inbred testcross and NIL testcross expressed as ‘parental inbred testcross estimate 
minus NIL testcross estimate’.  
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Table 5.28 Comparison of husk coverage rating estimates of MonM x Mp313E NIL testcrosses with testcrosses of donor and 
recurrent parents. 
Testcross of NIL FT2 + Mp313E FT1 + MonM FT2 + MonM 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A 0.75 ± 0.20 3.74 0.0003* 0.37 ± 0.25 1.48 0.1400 0.75 ± 0.24 3.14 0.0019* 
B 0.67 ± 0.20 3.33 0.0012* 0.29 ± 0.25 1.15 0.2509 0.67 ± 0.24 2.79 0.0056* 
C 0.83 ± 0.20 4.16 <0.0001* 0.46 ± 0.25 1.81 0.0715 0.83 ± 0.24 3.49 0.0006* 
E 0.25 ± 0.20 1.25 0.2147 -0.13 ± 0.25 -0.50 0.6201 0.25 ± 0.24 1.05 0.2956 
F 0.50 ± 0.20 2.49 0.0139* 0.12 ± 0.25 0.49 0.6233 0.50 ± 0.24 2.10 0.0370* 
G 0.58 ± 0.20 2.91 0.0043* 0.21 ± 0.25 0.82 0.4123 0.58 ± 0.24 2.45 0.0151* 
H 0.67 ± 0.20 3.33 0.0012* 0.29 ± 0.25 1.15 0.2509 0.67 ± 0.24 2.79 0.0056* 
I 0.17 ± 0.20 0.83 0.4073 -0.21 ± 0.25 -0.83 0.4097 0.17 ± 0.24 0.70 0.4854 
J 0.60 ± 0.20 2.95 0.0038* 0.23 ± 0.26 0.89 0.3745 0.60 ± 0.24 2.49 0.0133* 
K 0.42 ± 0.20 2.08 0.0397* 0.04 ± 0.25 0.16 0.8711 0.42 ± 0.24 1.75 0.0819 
L 0.17 ± 0.20 0.83 0.4073 -0.21 ± 0.25 -0.83 0.4097 0.17 ± 0.24 0.70 0.4854 
M 0.09 ± 0.20 0.43 0.6646 -0.29 ± 0.26 -1.12 0.2647 0.09 ± 0.24 0.37 0.7135 
N 0.27 ± 0.20 1.34 0.1838 -0.10 ± 0.26 -0.40 0.6915 0.27 ± 0.24 1.13 0.2597 
O 0.00 ± 0.20 0.00 1.0000 -0.38 ± 0.25 -1.48 0.1388 0.00 ± 0.24 0.00 1.0000 
P 0.48 ± 0.21 2.29 0.0235* 0.10 ± 0.26 0.40 0.6907 0.48 ± 0.25 1.95 0.0524 
Q 0.58 ± 0.20 2.91 0.0043* 0.21 ± 0.25 0.82 0.4123 0.58 ± 0.24 2.45 0.0151* 
R 0.42 ± 0.20 2.08 0.0397* 0.04 ± 0.25 0.16 0.8711 0.42 ± 0.24 1.75 0.0819 
SE = Standard error of the difference between means; *Significant at α=0.05; FT1 = Female tester 1; FT2 = Female tester 2. 
Estimate is the difference in husk coverage ratings between parental inbred testcross and NIL testcross expressed as ‘parental inbred 




Testcrosses of MonF x Mp715 near isogenic lines 
Aflatoxin accumulation 
Near isogenic lines (NILs) E and H significantly improved their aflatoxin accumulation 
resistance compared to their recurrent parent, MonF (Table 4.36) and hence the results of their 
testcrosses was emphasized in the discussion here. When compared to their donor parent 
testcross, MT1 + Mp715 (4.8817 ± 0.3571), testcrosses of all NILs accumulated significantly 
greater amounts of aflatoxin in their grain. However, when compared to their recurrent parent 
testcrosses, MT1 + MonF (6.7450 ± 0.4444) and MT2 +MonF (6.5905 ± 0.4444), none of the 
NIL testcrosses were significantly different (Table 5.29). Among the NIL testcrosses, natural 
log-transformed aflatoxin content ranged between 6.2246 ± 0.3542 in NIL L testcrosses and 
7.0094 ± 0.3642 in NIL D testcrosses (Table 5.30). The resistance observed in NILs E and H as 
lines per se was not realized in their testcrosses.  
Secondary agronomic traits 
 The grain yield of all testcrosses of NILs was significantly greater than their donor parent 
testcross, MT1 + Mp715 (8.70 ± 0.88 tn ha-1). When compared to their recurrent parent 
testcrosses, MT1 + MonF (10.61 ± 0.97 tn ha-1) and MT2 + MonF (12.36 ± 0.97 tn ha-1), grain 
yield of majority NIL testcrosses was not significantly different (Table 5.31).  
Plants of all NIL testcrosses were significantly shorter with lower ear placement compared to 
MT1 + Mp715 testcross. Their silking and pollen shed was significantly earlier than MT1 + 
Mp715 testcross. With few exceptions, their anthesis silking interval and husk coverage was 
remarkably like that of MT1 + Mp715 testcross. When compared to their recurrent parent 
testcrosses, there were no significant differences for various secondary traits in all NIL testcross 
with few exceptions (Table 5.32, 5.33, 5.34, 5.35, 5.36, and 5.37).  
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Testcrosses of NILs E and H grew significantly taller than MT2 + MonF testcross (Table 5.32). 
Testcrosses of NIL E also delayed their pollen shed compared to MT1 + MonF testcross (Table 
5.34). other than the two above said exceptions, all other secondary traits of the testcrosses of 
NILs E and H were strikingly like their recurrent parent testcrosses which means the 





Table 5.29 Comparison of natural log-transformed aflatoxin estimates of MonF x Mp715 NIL testcrosses with testcrosses of donor 
and recurrent parents. 
Testcross of NIL MT1 + Mp715 MT1 + MonF MT2 + MonF 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A -1.7880 ± 0.3825 -4.67 <0.0001* 0.0753 ± 0.4651 0.16 0.8714 -0.0791 ± 0.4651 -0.17 0.8650 
B -1.4286 ± 0.3825 -3.73 0.0003* 0.4348 ± 0.4651 0.93 0.3507 0.2803 ± 0.4651 0.60 0.5472 
C -1.6806 ± 0.3825 -4.39 <0.0001* 0.1828 ± 0.4651 0.39 0.6946 0.0283 ± 0.4651 0.06 0.9515 
D -2.1277 ± 0.3918 -5.43 <0.0001* -0.2643 ± 0.4727 -0.56 0.5765 -0.4188 ± 0.4727 -0.89 0.3764 
E -1.8178 ± 0.3825 -4.75 <0.0001* 0.0456 ± 0.4651 0.10 0.9220 -0.1089 ± 0.4651 -0.23 0.8150 
F -2.0165 ± 0.3918 -5.15 <0.0001* -0.1532 ± 0.4727 -0.32 0.7461 -0.3077 ± 0.4727 -0.65 0.5157 
G -1.7497 ± 0.3918 -4.47 <0.0001* 0.1136 ± 0.4727 0.24 0.8102 -0.0408 ± 0.4727 -0.09 0.9312 
H -1.5523 ± 0.3825 -4.06 <0.0001* 0.3111 ± 0.4651 0.67 0.5042 0.1566 ± 0.4651 0.34 0.7366 
I -1.7977 ± 0.3825 -4.70 <0.0001* 0.0656 ± 0.4651 0.14 0.8879 -0.0889 ± 0.4651 -0.19 0.8486 
J -1.5220 ± 0.3918 -3.88 0.0002* 0.3414 ± 0.4727 0.72 0.4708 0.1869 ± 0.4727 0.40 0.6929 
K -1.5727 ± 0.3825 -4.11 <0.0001* 0.2906 ± 0.4651 0.62 0.5326 0.1362 ± 0.4651 0.29 0.7699 
L -1.3429 ± 0.3825 -3.51 0.0006* 0.5204 ± 0.4651 1.12 0.2641 0.3659 ± 0.4651 0.79 0.4321 
M -1.5960 ± 0.3825 -4.17 <0.0001* 0.2673 ± 0.4651 0.57 0.5659 0.1128 ± 0.4651 0.24 0.8085 
N -1.7123 ± 0.3825 -4.48 <0.0001* 0.1510 ± 0.4651 0.32 0.7456 -0.0034 ± 0.4651 -0.01 0.9941 
O -1.5288 ± 0.3825 -4.00 0.0001* 0.3345 ± 0.4651 0.72 0.4726 0.1801 ± 0.4651 0.39 0.6989 
SE = Standard error of the difference between means; *Significant at α=0.05; MT1 = Male tester 1; MT2 = Male tester 2. 
Estimate is the difference in natural log-transformed aflatoxin content between parental inbred testcross and NIL testcross expressed 
as ‘parental inbred testcross estimate minus NIL testcross estimate’. 
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Table 5.30 Estimated means for the aflatoxin accumulation in testcrosses of MonF x Mp715 
NILs averaged across testers 
NIL ln (Afl B1 +1) x † Aflatoxin B1y SE 
  ng g-1  
D 7.0094 a 1106.99 0.3642 
F 6.8982 ab 990.4902 0.3642 
E 6.6994 ab 811.9185 0.3542 
I 6.6794 ab 795.8415 0.3542 
A 6.6697 ab 788.1591 0.3542 
G 6.6314 ab 758.5434 0.3642 
N 6.5940 ab 730.6978 0.3542 
C 6.5622 ab 707.8272 0.3542 
M 6.4777 ab 650.4731 0.3542 
K 6.4544 ab 635.4923 0.3542 
H 6.4340 ab 622.6596 0.3542 
O 6.4105 ab 608.1977 0.3542 
J 6.4036 ab 604.0156 0.3642 
B 6.3102 ab 550.155 0.3542 
L 6.2246 b 505.021 0.3542 
SE = Standard error of the mean; x: ln (Afl B1 + 1) = natural log of (aflatoxin B1 + 1); † Means 
followed by the same letter are not significantly different at α = 0.05; y: Total aflatoxin 
concentrations, expressed in ng g-1, are geometric means of the original data. 
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Table 5.31 Comparison of grain yield estimates of MonF x Mp715 NIL testcrosses with testcrosses of donor and recurrent parents. 
Testcross of NIL MT1 + Mp715 (tn ha-1) MT1 + MonF (tn ha-1) MT2 + MonF (tn ha-1) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A -3.25 ± 0.68 -4.78 <0.0001* -1.34 ± 0.79 -1.70 0.0897 0.41 ± 0.79 0.52 0.6040 
B -2.75 ± 0.68 -4.04 <0.0001* -0.84 ± 0.79 -1.07 0.2870 0.91 ± 0.79 1.16 0.2489 
C -3.07 ± 0.68 -4.53 <0.0001* -1.17 ± 0.79 -1.48 0.1388 0.58 ± 0.79 0.74 0.4615 
D -2.50 ± 0.68 -3.69 0.0003* -0.60 ± 0.79 -0.76 0.4477 1.15 ± 0.79 1.46 0.1449 
E -3.13 ± 0.68 -4.61 <0.0001* -1.23 ± 0.79 -1.56 0.1200 0.52 ± 0.79 0.66 0.5083 
F -3.35 ± 0.69 -4.88 <0.0001* -1.45 ± 0.79 -1.82 0.0696 0.30 ± 0.79 0.38 0.7021 
G -2.57 ± 0.69 -3.74 0.0003* -0.67 ± 0.80 -0.84 0.4026 1.08 ± 0.80 1.36 0.1739 
H -2.78 ± 0.68 -4.09 <0.0001* -0.87 ± 0.79 -1.10 0.2703 0.88 ± 0.79 1.12 0.2648 
I -3.51 ± 0.69 -5.07 <0.0001* -1.61 ± 0.80 -2.01 0.0453* 0.14 ± 0.80 0.18 0.8599 
J -3.52 ± 0.68 -5.19 <0.0001* -1.62 ± 0.79 -2.06 0.0408* 0.13 ± 0.79 0.17 0.8676 
K -3.45 ± 0.68 -5.07 <0.0001* -1.54 ± 0.79 -1.96 0.0516 0.21 ± 0.79 0.27 0.7897 
L -2.82 ± 0.68 -4.15 <0.0001* -0.91 ± 0.79 -1.16 0.2466 0.84 ± 0.79 1.06 0.2896 
M -2.40 ± 0.68 -3.53 0.0005* -0.50 ± 0.79 -0.63 0.5299 1.26 ± 0.79 1.59 0.1123 
N -2.26 ± 0.68 -3.32 0.0011* -0.35 ± 0.79 -0.45 0.6561 1.40 ± 0.79 1.78 0.0768 
O -3.46 ± 0.68 -5.10 <0.0001* -1.56 ± 0.79 -1.98 0.0490* 0.19 ± 0.79 0.25 0.8065 
SE = Standard error of the difference between means; *Significant at α=0.05; MT1 = Male tester 1; MT2 = Male tester 2. 
Estimate is the difference in grain yield (tn ha-1) between parental inbred testcross and NIL testcross expressed as ‘parental inbred 
testcross estimate minus NIL testcross estimate’.  
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Table 5.32 Comparison of plant height estimates of MonF x Mp715 NIL testcrosses with testcrosses of donor and recurrent parents. 
Testcross of NIL MT1 + Mp715 (cm) MT1 + MonF (cm) MT2 + MonF (cm) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A 35.44 ± 5.00 7.08 <0.0001* -3.39 ± 5.83 -0.58 0.5618 -11.32 ± 5.83 -1.94 0.0531 
B 36.97 ± 5.00 7.39 <0.0001* -1.85 ± 5.83 -0.32 0.7510 -9.79 ± 5.83 -1.68 0.0942 
C 41.15 ± 5.00 8.22 <0.0001* 2.33 ± 5.83 0.40 0.6900 -5.61 ± 5.83 -0.96 0.3369 
D 36.32 ± 5.10 7.12 <0.0001* -2.51 ± 5.92 -0.42 0.6720 -10.44 ± 5.92 -1.77 0.0785 
E 33.64 ± 5.00 6.72 <0.0001* -5.19 ± 5.83 -0.89 0.3746 -13.12 ± 5.83 -2.25 0.0251* 
F 28.48 ± 5.10 5.58 <0.0001* -10.34 ± 5.92 -1.75 0.0813 -18.28 ± 5.92 -3.09 0.0022* 
G 33.88 ± 5.10 6.64 <0.0001* -4.94 ± 5.92 -0.84 0.4039 -12.88 ± 5.92 -2.18 0.0302* 
H 32.42 ± 5.00 6.48 <0.0001* -6.40 ± 5.83 -1.10 0.2731 -14.34 ± 5.83 -2.46 0.0145* 
I 37.43 ± 5.00 7.48 <0.0001* -1.39 ± 5.83 -0.24 0.8113 -9.33 ± 5.83 -1.60 0.1106 
J 36.29 ± 5.10 7.11 <0.0001* -2.53 ± 5.92 -0.43 0.6693 -10.47 ± 5.92 -1.77 0.0778 
K 36.44 ± 5.00 7.28 <0.0001* -2.38 ± 5.83 -0.41 0.6833 -10.32 ± 5.83 -1.77 0.0778 
L 35.38 ± 5.00 7.07 <0.0001* -3.44 ± 5.83 -0.59 0.5557 -11.38 ± 5.83 -1.95 0.0520 
M 39.55 ± 5.00 7.90 <0.0001* 0.72 ± 5.83 0.12 0.9014 -7.21 ± 5.83 -1.24 0.2170 
N 34.75 ± 5.00 6.94 <0.0001* -4.07 ± 5.83 -0.70 0.4853 -12.01 ± 5.83 -2.06 0.0403* 
O 33.43 ± 5.00 6.68 <0.0001* -5.40 ± 5.83 -0.93 0.3554 -13.34 ± 5.83 -2.29 0.0229* 
SE = Standard error of the difference between means; *Significant at α=0.05; MT1 = Male tester 1; MT2 = Male tester 2. 
Estimate is the difference in plant height (cm) between parental inbred testcross and NIL testcross expressed as ‘parental inbred 
testcross estimate minus NIL testcross estimate’.  
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Table 5.33 Comparison of ear height estimates of MonF x Mp715 NIL testcrosses with testcrosses of donor and recurrent parents. 
Testcross of NIL MT1 + Mp715 (cm) MT1 + MonF (cm) MT2 + MonF (cm) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A 43.34 ± 4.55 9.53 <0.0001* -3.81 ± 5.10 -0.75 0.4553 -3.28 ± 5.10 -0.64 0.5203 
B 41.75 ± 4.55 9.18 <0.0001* -5.40 ± 5.10 -1.06 0.2905 -4.87 ± 5.10 -0.96 0.3403 
C 48.84 ± 4.55 10.74 <0.0001* 1.69 ± 5.10 0.33 0.7399 2.22 ± 5.10 0.44 0.6631 
D 43.43 ± 4.62 9.40 <0.0001* -3.72 ± 5.16 -0.72 0.4714 -3.19 ± 5.16 -0.62 0.5367 
E 42.55 ± 4.55 9.35 <0.0001* -4.60 ± 5.10 -0.90 0.3671 -4.07 ± 5.10 -0.80 0.4247 
F 39.05 ± 4.62 8.46 <0.0001* -8.10 ± 5.16 -1.57 0.1176 -7.57 ± 5.16 -1.47 0.1435 
G 42.34 ± 4.62 9.17 <0.0001* -4.81 ± 5.16 -0.93 0.3516 -4.28 ± 5.16 -0.83 0.4070 
H 45.14 ± 4.55 9.92 <0.0001* -2.01 ± 5.10 -0.39 0.6935 -1.48 ± 5.10 -0.29 0.7715 
I 44.96 ± 4.55 9.88 <0.0001* -2.19 ± 5.10 -0.43 0.6681 -1.66 ± 5.10 -0.33 0.7452 
J 43.96 ± 4.61 9.52 <0.0001* -3.19 ± 5.16 -0.62 0.5365 -2.66 ± 5.16 -0.52 0.6061 
K 44.98 ± 4.55 9.89 <0.0001* -2.17 ± 5.10 -0.43 0.6707 -1.64 ± 5.10 -0.32 0.7478 
L 45.19 ± 4.55 9.94 <0.0001* -1.96 ± 5.10 -0.38 0.7011 -1.43 ± 5.10 -0.28 0.7794 
M 47.08 ± 4.55 10.35 <0.0001* -0.07 ± 5.10 -0.01 0.9890 0.46 ± 5.10 0.09 0.9284 
N 40.80 ± 4.55 8.97 <0.0001* -6.35 ± 5.10 -1.25 0.2138 -5.82 ± 5.10 -1.14 0.2544 
O 41.28 ± 4.55 9.07 <0.0001* -5.87 ± 5.10 -1.15 0.2501 -5.34 ± 5.10 -1.05 0.2952 
SE = Standard error of the difference between means; *Significant at α=0.05; MT1 = Male tester 1; MT2 = Male tester 2. 
Estimate is the difference in ear height (cm) between parental inbred testcross and NIL testcross expressed as ‘parental inbred 
testcross estimate minus NIL testcross estimate’.  
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Table 5.34 Comparison of S50 (growing degree day units required for 50 percent plants in a plot to silk) estimates of MonF x 
Mp715 NIL testcrosses with testcrosses of donor and recurrent parents. 
Testcross of NIL MT1 + Mp715 (GDUs) MT1 + MonF (GDUs) MT2 + MonF (GDUs) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A 228.92 ± 19.29 11.87 <0.0001* 22.75 ± 21.70 1.05 0.2954 -4.75 ± 21.70 -0.22 0.8269 
B 233.00 ± 19.29 12.08 <0.0001* 26.83 ± 21.70 1.24 0.2173 -0.67 ± 21.70 -0.03 0.9755 
C 215.33 ± 19.29 11.17 <0.0001* 9.17 ± 21.70 0.42 0.6731 -18.33 ± 21.70 -0.84 0.3989 
D 207.61 ± 19.59 10.60 <0.0001* 1.44 ± 21.97 0.07 0.9477 -26.06 ± 21.97 -1.19 0.2366 
E 240.50 ± 19.29 12.47 <0.0001* 34.33 ± 21.70 1.58 0.1147 6.83 ± 21.70 0.31 0.7531 
F 234.08 ± 19.59 11.95 <0.0001* 27.92 ± 21.97 1.27 0.2049 0.42 ± 21.97 0.02 0.9849 
G 217.46 ± 19.59 11.10 <0.0001* 11.29 ± 21.97 0.51 0.6077 -16.21 ± 21.97 -0.74 0.4613 
H 215.92 ± 19.29 11.20 <0.0001* 9.75 ± 21.70 0.45 0.6536 -17.75 ± 21.70 -0.82 0.4141 
I 229.08 ± 19.29 11.88 <0.0001* 22.92 ± 21.70 1.06 0.2919 -4.58 ± 21.70 -0.21 0.8329 
J 225.71 ± 19.59 11.52 <0.0001* 19.54 ± 21.97 0.89 0.3745 -7.96 ± 21.97 -0.36 0.7175 
K 243.00 ± 19.29 12.60 <0.0001* 36.83 ± 21.70 1.70 0.0907 9.33 ± 21.70 0.43 0.6675 
L 228.83 ± 19.29 11.87 <0.0001* 22.67 ± 21.70 1.04 0.2972 -4.83 ± 21.70 -0.22 0.8239 
M 233.58 ± 19.29 12.11 <0.0001* 27.42 ± 21.70 1.26 0.2075 -0.08 ± 21.70 0.00 0.9969 
N 232.17 ± 19.29 12.04 <0.0001* 26.00 ± 21.70 1.20 0.2319 -1.50 ± 21.70 -0.07 0.9449 
O 236.33 ± 19.29 12.25 <0.0001* 30.17 ± 21.70 1.39 0.1656 2.67 ± 21.70 0.12 0.9023 
SE = Standard error of the difference between means; *Significant at α=0.05; MT1 = Male tester 1; MT2 = Male tester 2. 
Estimate is the difference in S50 (GDUs) between parental inbred testcross and NIL testcross expressed as ‘parental inbred testcross 
estimate minus NIL testcross estimate’.  
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Table 5.35 Comparison of P50 (growing degree day units required for 50 percent plants in a plot to shed pollen) estimates of MonF 
x Mp715 NIL testcrosses with testcrosses of donor and recurrent parents. 
Testcross of NIL MT1 + Mp715 (GDUs) MT1 + MonF (GDUs) MT2 + MonF (GDUs) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A 204.50 ± 20.44 10.01 <0.0001* 25.50 ± 22.54 1.13 0.2589 -20.33 ± 22.54 -0.90 0.3678 
B 210.75 ± 20.44 10.31 <0.0001* 31.75 ± 22.54 1.41 0.1601 -14.08 ± 22.54 -0.62 0.5326 
C 211.00 ± 20.44 10.32 <0.0001* 32.00 ± 22.54 1.42 0.1569 -13.83 ± 22.54 -0.61 0.5399 
D 203.65 ± 20.71 9.83 <0.0001* 24.65 ± 22.79 1.08 0.2804 -21.18 ± 22.79 -0.93 0.3534 
E 224.75 ± 20.44 11.00 <0.0001* 45.75 ± 22.54 2.03 0.0434* -0.08 ± 22.54 0.00 0.9971 
F 230.56 ± 20.71 11.13 <0.0001* 51.56 ± 22.79 2.26 0.0244* 5.73 ± 22.79 0.25 0.8018 
G 202.83 ± 20.71 9.79 <0.0001* 23.83 ± 22.79 1.05 0.2965 -22.00 ± 22.79 -0.97 0.3352 
H 190.50 ± 20.44 9.32 <0.0001* 11.50 ± 22.54 0.51 0.6103 -34.33 ± 22.54 -1.52 0.1289 
I 215.92 ± 20.44 10.57 <0.0001* 36.92 ± 22.54 1.64 0.1026 -8.92 ± 22.54 -0.40 0.6927 
J 203.59 ± 20.71 9.83 <0.0001* 24.59 ± 22.79 1.08 0.2815 -21.24 ± 22.79 -0.93 0.3520 
K 225.17 ± 20.44 11.02 <0.0001* 46.17 ± 22.54 2.05 0.0415* 0.33 ± 22.54 0.01 0.9882 
L 210.67 ± 20.44 10.31 <0.0001* 31.67 ± 22.54 1.40 0.1612 -14.17 ± 22.54 -0.63 0.5302 
M 217.92 ± 20.44 10.66 <0.0001* 38.92 ± 22.54 1.73 0.0854 -6.92 ± 22.54 -0.31 0.7592 
N 213.58 ± 20.44 10.45 <0.0001* 34.58 ± 22.54 1.53 0.1261 -11.25 ± 22.54 -0.50 0.6181 
O 222.92 ± 20.44 10.91 <0.0001* 43.92 ± 22.54 1.95 0.0524 -1.92 ± 22.54 -0.09 0.9323 
SE = Standard error of the difference between means; *Significant at α=0.05; MT1 = Male tester 1; MT2 = Male tester 2. 
Estimate is the difference in P50 (GDUs) between parental inbred testcross and NIL testcross expressed as ‘parental inbred testcross 
estimate minus NIL testcross estimate’.  
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Table 5.36 Comparison of anthesis silking interval estimates of MonF x Mp715 NIL testcrosses with testcrosses of donor and 
recurrent parents. 
Testcross of NIL MT1 + Mp715 (GDUs) MT1 + MonF (GDUs) MT2 + MonF (GDUs) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A 24.58 ± 12.70 1.94 0.0551 -2.75 ± 15.25 -0.18 0.8570 15.58 ± 15.25 1.02 0.3077 
B 22.42 ± 12.70 1.77 0.0799 -4.92 ± 15.25 -0.32 0.7474 13.42 ± 15.25 0.88 0.3797 
C 4.50 ± 12.70 0.35 0.7237 -22.83 ± 15.25 -1.50 0.1354 -4.50 ± 15.25 -0.30 0.7681 
D 3.21 ± 12.99 0.25 0.8051 24.12 ± 15.49 -1.56 0.1205 -5.79 ± 15.49 -0.37 0.7089 
E 15.92 ± 12.70 1.25 0.2124 -11.42 ± 15.25 -0.75 0.4546 6.92 ± 15.25 0.45 0.6505 
F 3.90 ± 12.99 0.30 0.7646 -23.44 ± 15.49 -1.51 0.1314 -5.10 ± 15.49 -0.33 0.7421 
G 15.53 ± 12.99 1.20 0.2339 -11.80 ± 15.49 -0.76 0.4468 6.53 ± 15.49 0.42 0.6736 
H 25.58 ± 12.70 2.01 0.0460* -1.75 ± 15.25 -0.11 0.9087 16.58 ± 15.25 1.09 0.2777 
I 13.33 ± 12.70 1.05 0.2957 -14.00 ± 15.25 -0.92 0.3593 4.33 ± 15.25 0.28 0.7765 
J 22.14 ± 12.99 1.70 0.0906 -5.20 ± 15.49 -0.34 0.7375 13.14 ± 15.49 0.85 0.3971 
K 18.00 ± 12.70 1.42 0.1588 -9.33 ± 15.25 -0.61 0.5410 9.00 ± 15.25 0.59 0.5555 
L 18.33 ± 12.70 1.44 0.1513 -9.00 ± 15.25 -0.59 0.5555 9.33 ± 15.25 0.61 0.5410 
M 15.83 ± 12.70 1.25 0.2147 -11.50 ± 15.25 -0.75 0.4514 6.83 ± 15.25 0.45 0.6544 
N 18.75 ± 12.70 1.48 0.1423 -8.58 ± 15.25 -0.56 0.5739 9.75 ± 15.25 0.64 0.5231 
O 13.58 ± 12.70 1.07 0.2868 -13.75 ± 15.25 -0.90 0.3680 4.58 ± 15.25 0.30 0.7639 
SE = Standard error of the difference between means; *Significant at α=0.05; MT1 = Male tester 1; MT2 = Male tester 2. 
Estimate is the difference in anthesis silking intervals (GDUs) between parental inbred testcross and NIL testcross expressed as 
‘parental inbred testcross estimate minus NIL testcross estimate’.  
 
193 
Table 5.37 Comparison of husk coverage rating estimates of MonF x Mp715 NIL testcrosses with testcrosses of donor and 
recurrent parents. 
Testcross of NIL MT1 + Mp715 MT1 + MonF MT2 + MonF 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A 0.50 ± 0.20 2.49 0.0139* 0.25 ± 0.24 1.05 0.2956 0.42 ± 0.24 1.75 0.0819 
B 0.33 ± 0.20 1.66 0.0988 0.08 ± 0.24 0.35 0.7271 0.25 ± 0.24 1.05 0.2956 
C 0.25 ± 0.20 1.25 0.2147 0.00 ± 0.24 0.00 1.0000 0.17 ± 0.24 0.70 0.4854 
D 0.56 ± 0.20 2.72 0.0073* 0.31 ± 0.24 1.27 0.2054 0.47 ± 0.24 1.96 0.0513 
E 0.33 ± 0.20 1.66 0.0988 0.08 ± 0.24 0.35 0.7271 0.25 ± 0.24 1.05 0.2956 
F 0.20 ± 0.20 0.99 0.3246 -0.05 ± 0.24 -0.20 0.8448 0.12 ± 0.24 0.49 0.6231 
G 0.27 ± 0.20 1.33 0.1860 0.02 ± 0.24 0.09 0.9267 0.19 ± 0.24 0.78 0.4361 
H 0.33 ± 0.20 1.66 0.0988 0.08 ± 0.24 0.35 0.7271 0.25 ± 0.24 1.05 0.2956 
I 0.50 ± 0.20 2.49 0.0139* 0.25 ± 0.24 1.05 0.2956 0.42 ± 0.24 1.75 0.0819 
J 0.37 ± 0.20 1.80 0.0737 0.12 ± 0.24 0.49 0.6231 0.29 ± 0.24 1.18 0.2391 
K 0.58 ± 0.20 2.91 0.0043* 0.33 ± 0.24 1.40 0.1635 0.50 ± 0.24 2.10 0.0370* 
L 0.17 ± 0.20 0.83 0.4073 -0.08 ± 0.24 -0.35 0.7271 0.08 ± 0.24 0.35 0.7271 
M 0.25 ± 0.20 1.25 0.2147 0.00 ± 0.24 0.00 1.0000 0.17 ± 0.24 0.70 0.4854 
N 0.25 ± 0.20 1.25 0.2147 0.00 ± 0.24 0.00 1.0000 0.17 ± 0.24 0.70 0.4854 
O 0.75 ± 0.20 3.74 0.0003* 0.50 ± 0.24 2.10 0.0370* 0.67 ± 0.24 2.79 0.0056* 
SE = Standard error of the difference between means; *Significant at α=0.05; MT1 = Male tester 1; MT2 = Male tester 2. 
Estimate is the difference in husk coverage ratings between parental inbred testcross and NIL testcross expressed as ‘parental inbred 




Testcrosses of MonM x Mp715 near isogenic lines 
Aflatoxin accumulation 
 Near isogenic lines (NILs) L and M significantly improved their resistance to aflatoxin 
accumulation compared to their recurrent parent, Mp715 (Table 4.50), and hence their hybrid 
performance need to be assessed to determine whether the resistance was carried on to the 
hybrids. Compared to their donor parent testcross, FT2 + Mp715 (4.7973 ± 0.3571), all NIL 
testcrosses accumulated more natural log-transformed aflatoxin content, but the differences were 
significant only in four NIL testcrosses. Interestingly, testcrosses of NIL M (4.8510 ± 0.3542) 
accumulated almost similar amount of aflatoxin as FT2 + Mp715 which was a good 
improvement. Most of the NIL testcrosses accumulated significantly less aflatoxin than FT1 + 
MonM testcross (6.5569 ± 0.4757) which must be considered as a very good improvement; 
however, none of the NIL testcrosses were significantly different from FT2 + MonM (5.3075 ± 
0.4444) testcross (Table 5.38). Among the NIL testcrosses, natural log-transformed aflatoxin 
content ranged between 4.8510 ± 0.3542 in NIL M testcrosses and 5.9640 ± 0.3542 in NIL G 
testcrosses (Table 5.39). 
Secondary agronomic traits 
 Grain yield of five NIL testcrosses was significantly higher than their donor parent 
testcross, FT2 + Mp715 (9.81 ± 0.87 tn ha-1). Also, the grain yield of all NIL testcrosses was 
similar to their recurrent parent testcrosses, FT1 + MonM (10.94 ± 1.02 tn ha-1) and FT2 + 
MonM (11.81 ± 1.02 tn ha-1) (Table 5.40). 
Compared to their FT2 + Mp715 testcross, all NIL testcrosses were significantly shorter 
with low ear placement and flowered significantly earlier. Their anthesis silking interval was 
narrow and not significantly different from FT2 + Mp715, which means they did not have any 
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seed set issues. Their husk coverage also improved in some cases. When compared to their 
recurrent parent testcrosses, there were no significant differences for plant and ear heights as 
well as silking and pollen shed. There were minor discrepancies in the anthesis silking interval 
and husk coverage between recurrent parent testcrosses and NIL testcrosses. Other than minor 
problems in terms of anthesis silking interval and husk coverage, testcrosses of both NILs L and 




Table 5.38 Comparison of natural log-transformed aflatoxin estimates of MonM x Mp715 NIL testcrosses with testcrosses of donor 
and recurrent parents. 
Testcross of NIL FT2 + Mp715 FT1 + MonM FT2 + MonM 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A -0.9352 ± 0.3825 -2.44 0.0159* 0.8244 ± 0.4950 1.67 0.0968 -0.4250 ± 0.4651 -0.91 0.3617 
B -0.3352 ± 0.3918 -0.86 0.3938 1.4244 ± 0.5023 2.84 0.0049* 0.1750 ± 0.4727 0.37 0.7115 
C -0.5983 ± 0.3825 -1.56 0.1204 1.1613 ± 0.4950 2.35 0.0196* -0.0881 ± 0.4651 -0.19 0.8499 
D -0.8083 ± 0.3825 -2.11 0.0367* 0.9513 ± 0.4950 1.92 0.0555 -0.2981 ± 0.4651 -0.64 0.5221 
E -0.6883 ± 0.3825 -1.80 0.0745 1.0713 ± 0.4950 2.16 0.0312* -0.1781 ± 0.4651 -0.38 0.7021 
F -0.5567 ± 0.3825 -1.46 0.1481 1.2029 ± 0.4950 2.43 0.0157* -0.0465 ± 0.4651 -0.10 0.9204 
G -1.1667 ± 0.3825 -3.05 0.0028* 0.5929 ± 0.4950 1.20 0.2319 -0.6565 ± 0.4651 -1.41 0.1592 
H -0.5718 ± 0.3825 -1.49 0.1375 1.1878 ± 0.4950 2.40 0.0170* -0.0616 ± 0.4651 -0.13 0.8947 
I -0.6794 ± 0.4008 -1.70 0.0923 1.0802 ± 0.5091 2.12 0.0346* -0.1692 ± 0.4802 -0.35 0.7249 
J -0.9941 ± 0.3918 -2.54 0.0124* 0.7665 ± 0.5023 1.52 0.1285 -0.4839 ± 0.4727 -1.02 0.3069 
K -0.6632 ± 0.3825 -1.73 0.0855 1.0964 ± 0.4950 2.21 0.0275* -0.1530 ± 0.4651 -0.33 0.7425 
L -0.7414 ± 0.3825 -1.94 0.0549 1.0182 ± 0.4950 2.06 0.0405* -0.2312 ± 0.4651 -0.50 0.6195 
M -0.0538 ± 0.3825 -0.14 0.8885 1.7058 ± 0.4950 3.45 0.0006* 0.4565 ± 0.4651 0.98 0.3272 
SE = Standard error of the difference between means; *Significant at α=0.05; FT1 = Female tester 1; FT2 = Female tester 2. 
Estimate is the difference in natural log-transformed aflatoxin content between parental inbred testcross and NIL testcross expressed 
as ‘parental inbred testcross estimate minus NIL testcross estimate’. 
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Table 5.39 Estimated means for the aflatoxin accumulation in testcrosses of MonM x Mp715 
NILs averaged across testers. 
NIL ln (Afl B1 +1) x † Aflatoxin B1y SE 
  ng g-1  
G 5.9640 a 389.1637 0.3542 
J 5.7914 ab 327.4712 0.3642 
A 5.7325 ab 308.7402 0.3542 
D 5.6056 abc 271.945 0.3542 
L 5.5387 abc 254.3471 0.3542 
E 5.4855 abc 241.1695 0.3542 
I 5.4767 abc 239.0565 0.3739 
K 5.4605 abc 235.215 0.3542 
C 5.3956 abc 220.4344 0.3542 
H 5.3691 abc 214.6696 0.3542 
F 5.3540 abc 211.4524 0.3542 
B 5.1325 bc 169.4402 0.3642 
M 4.8510 c 127.8682 0.3542 
SE = Standard error of the mean; x: ln (Afl B1 + 1) = natural log of (aflatoxin B1 + 1); † Means 
followed by the same letter are not significantly different at α = 0.05; y: Total aflatoxin 
concentrations, expressed in ng g-1, are geometric means of the original data. 
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Table 5.40 Comparison of grain yield estimates of MonM x Mp715 NIL testcrosses with testcrosses of donor and recurrent parents. 
Testcross of NIL FT2 + Mp715 (tn ha-1) FT1 + MonM (tn ha-1) FT2 + MonM (tn ha-1) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A -1.29 ± 0.70 -1.83 0.0687 -0.16 ± 0.87 -0.18 0.8578 0.71 ± 0.87 0.82 0.4131 
B -0.51 ± 0.72 -0.72 0.4741 0.62 ± 0.88 0.70 0.4841 1.49 ± 0.88 1.69 0.0922 
C -1.87 ± 0.72 -2.61 0.0097* -0.74 ± 0.88 -0.84 0.4040 0.13 ± 0.88 0.15 0.8795 
D -1.40 ± 0.70 -1.99 0.0477* -0.27 ± 0.87 -0.31 0.7568 0.60 ± 0.87 0.69 0.4914 
E -0.70 ± 0.70 -0.99 0.3233 0.43 ± 0.87 0.50 0.6184 1.30 ± 0.87 1.50 0.1351 
F -1.40 ± 0.70 -1.99 0.0485* -0.27 ± 0.87 -0.30 0.7612 0.61 ± 0.87 0.69 0.4878 
G -1.47 ± 0.70 -2.09 0.0383* -0.34 ± 0.87 -0.39 0.7003 0.53 ± 0.87 0.61 0.5400 
H 0.17 ± 0.70 0.24 0.8074 1.30 ± 0.87 1.49 0.1358 2.17 ± 0.87 2.49 0.0130* 
I -0.51 ± 0.70 -0.73 0.4692 0.62 ± 0.87 0.71 0.4767 1.49 ± 0.87 1.71 0.0878 
J -0.82 ± 0.70 -1.17 0.2453 0.31 ± 0.87 0.36 0.7211 1.18 ± 0.87 1.36 0.1759 
K -1.19 ± 0.72 -1.67 0.0973 -0.06 ± 0.88 -0.07 0.9448 0.81 ± 0.88 0.92 0.3592 
L -0.83 ± 0.70 -1.18 0.2406 0.30 ± 0.87 0.35 0.7281 1.17 ± 0.87 1.35 0.1788 
M -1.59 ± 0.72 -2.22 0.0274* -0.46 ± 0.88 -0.52 0.6036 0.41 ± 0.88 0.47 0.6405 
SE = Standard error of the difference between means; *Significant at α=0.05; FT1 = Female tester 1; FT2 = Female tester 2. 
Estimate is the difference in grain yield (tn ha-1) between parental inbred testcross and NIL testcross expressed as ‘parental inbred 
testcross estimate minus NIL testcross estimate’.  
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Table 5.41 Comparison of plant height estimates of MonM x Mp715 NIL testcrosses with testcrosses of donor and recurrent 
parents. 
Testcross of NIL FT2 + Mp715 (cm) FT1 + MonM (cm) FT2 + MonM (cm) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A 38.10 ± 5.00 7.61 <0.0001* -6.65 ± 6.16 -1.08 0.2813 -2.12 ± 5.83 -0.36 0.7169 
B 44.52 ± 5.10 8.73 <0.0001* -0.23 ± 6.24 -0.04 0.9713 4.31 ± 5.92 0.73 0.4671 
C 36.67 ± 5.00 7.33 <0.0001* -8.08 ± 6.16 -1.31 0.1908 -3.55 ± 5.83 -0.61 0.5437 
D 40.38 ± 5.00 8.07 <0.0001* -4.37 ± 6.16 -0.71 0.4783 0.16 ± 5.83 0.03 0.9783 
E 42.70 ± 5.00 8.53 <0.0001* -2.05 ± 6.16 -0.33 0.7402 2.49 ± 5.83 0.43 0.6700 
F 36.39 ± 5.00 7.27 <0.0001* -8.36 ± 6.16 -1.36 0.1758 -3.83 ± 5.83 -0.66 0.5121 
G 40.50 ± 5.00 8.09 <0.0001* -4.25 ± 6.16 -0.69 0.4908 0.28 ± 5.83 0.05 0.9614 
H 37.52 ± 5.00 7.50 <0.0001* -7.23 ± 6.16 -1.17 0.2414 -2.70 ± 5.83 -0.46 0.6438 
I 37.57 ± 5.20 7.23 <0.0001* -7.18 ± 6.32 -1.14 0.2568 -2.64 ± 6.00 -0.44 0.6597 
J 38.00 ± 5.10 7.45 <0.0001* -6.75 ± 6.24 -1.08 0.2806 -2.21 ± 5.92 -0.37 0.7085 
K 40.09 ± 5.00 8.01 <0.0001* -4.66 ± 6.16 -0.76 0.4504 -0.12 ± 5.83 -0.02 0.9831 
L 41.12 ± 5.00 8.22 <0.0001* -3.63 ± 6.16 -0.59 0.5559 0.90 ± 5.83 0.15 0.8775 
M 34.40 ± 5.00 6.87 <0.0001* -10.35 ± 6.16 -1.68 0.0938 -5.82 ± 5.83 -1.00 0.3190 
SE = Standard error of the difference between means; *Significant at α=0.05; FT1 = Female tester 1; FT2 = Female tester 2. 
Estimate is the difference in plant height (cm) between parental inbred testcross and NIL testcross expressed as ‘parental inbred 
testcross estimate minus NIL testcross estimate’.  
 
200 
Table 5.42 Comparison of ear height estimates of MonM x Mp715 NIL testcrosses with testcrosses of donor and recurrent parents. 
Testcross of NIL FT2 + Mp715 (cm) FT1 + MonM (cm) FT2 + MonM (cm) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A 27.78 ± 4.55 6.11 <0.0001* -0.88 ± 5.34 -0.17 0.8685 -4.85 ± 5.10 -0.95 0.3420 
B 31.99 ± 4.62 6.93 <0.0001* 3.32 ± 5.40 0.62 0.5390 -0.65 ± 5.16 -0.13 0.9006 
C 26.46 ± 4.55 5.82 <0.0001* -2.21 ± 5.34 -0.41 0.6795 -6.17 ± 5.10 -1.21 0.2268 
D 31.22 ± 4.55 6.86 <0.0001* 2.55 ± 5.34 0.48 0.6326 -1.41 ± 5.10 -0.28 0.7821 
E 30.80 ± 4.55 6.77 <0.0001* 2.13 ± 5.34 0.40 0.6900 -1.83 ± 5.10 -0.36 0.7192 
F 29.05 ± 4.55 6.39 <0.0001* 0.39 ± 5.34 0.07 0.9425 -3.58 ± 5.10 -0.70 0.4829 
G 28.05 ± 4.55 6.17 <0.0001* -0.62 ± 5.34 -0.12 0.9076 -4.59 ± 5.10 -0.90 0.3690 
H 28.10 ± 4.55 6.18 <0.0001* -0.57 ± 5.34 -0.11 0.9155 -4.53 ± 5.10 -0.89 0.3745 
I 26.75 ± 4.69 5.71 <0.0001* -1.91 ± 5.46 -0.35 0.7259 -5.88 ± 5.22 -1.13 0.2608 
J 26.50 ± 4.62 5.74 <0.0001* -2.17 ± 5.40 -0.40 0.6881 -6.14 ± 5.16 -1.19 0.2352 
K 29.76 ± 4.55 6.54 <0.0001* 1.09 ± 5.34 0.20 0.8383 -2.88 ± 5.10 -0.56 0.5731 
L 30.37 ± 4.55 6.68 <0.0001* 1.71 ± 5.34 0.32 0.7492 -2.26 ± 5.10 -0.44 0.6581 
M 26.41 ± 4.55 5.81 <0.0001* -2.26 ± 5.34 -0.42 0.6723 -6.23 ± 5.10 -1.22 0.2228 
SE = Standard error of the difference between means; *Significant at α=0.05; FT1 = Female tester 1; FT2 = Female tester 2. 
Estimate is the difference in ear height (cm) between parental inbred testcross and NIL testcross expressed as ‘parental inbred 
testcross estimate minus NIL testcross estimate’.  
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Table 5.43 Comparison S50 (growing degree day units required for 50 percent plants in a plot to silk) estimates of MonM x Mp715 
NIL testcrosses with testcrosses of donor and recurrent parents. 
Testcross of NIL FT2 + Mp715 (GDUs) FT1 + MonM (GDUs) FT2 + MonM (GDUs) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A 248.58 ± 19.29 12.89 <0.0001* 10.10 ± 22.76 0.44 0.6576 -36.33 ± 21.70 -1.67 0.0952 
B 254.21 ± 19.59 12.98 <0.0001* 15.72 ± 23.02 0.68 0.4951 -30.71 ± 21.97 -1.40 0.1633 
C 271.08 ± 19.29 14.06 <0.0001* 32.60 ± 22.76 1.43 0.1531 -13.83 ± 21.70 -0.64 0.5244 
D 247.83 ± 19.29 12.85 <0.0001* 9.35 ± 22.76 0.41 0.6816 -37.08 ± 21.70 -1.71 0.0886 
E 254.83 ± 19.29 13.21 <0.0001* 16.35 ± 22.76 0.72 0.4731 -30.08 ± 21.70 -1.39 0.1668 
F 259.58 ± 19.29 13.46 <0.0001* 21.10 ± 22.76 0.93 0.3547 -25.33 ± 21.70 -1.17 0.2441 
G 282.58 ± 19.29 14.65 <0.0001* 44.10 ± 22.76 1.94 0.0536 -2.33 ± 21.70 -0.11 0.9145 
H 271.08 ± 19.29 14.06 <0.0001* 32.60 ± 22.76 1.43 0.1531 -13.83 ± 21.70 -0.64 0.5244 
I 265.26 ± 19.89 13.34 <0.0001* 26.77 ± 23.26 1.15 0.2506 -19.66 ± 22.24 -0.88 0.3774 
J 248.86 ± 19.59 12.70 <0.0001* 10.37 ± 23.02 0.45 0.6526 -36.06 ± 21.97 -1.64 0.1018 
K 273.42 ± 19.29 14.18 <0.0001* 34.93 ± 22.76 1.53 0.1258 -11.50 ± 21.70 -0.53 0.5966 
L 245.42 ± 19.29 12.73 <0.0001* 6.93 ± 22.76 0.30 0.7609 -39.50 ± 21.70 -1.82 0.0698 
M 243.00 ± 19.29 12.60 <0.0001* 4.51 ± 22.76 0.20 0.8429 -41.92 ± 21.70 -1.93 0.0544 
SE = Standard error of the difference between means; *Significant at α=0.05; FT1 = Female tester 1; FT2 = Female tester 2. 
Estimate is the difference in S50 (GDUs) between parental inbred testcross and NIL testcross expressed as ‘parental inbred testcross 
estimate minus NIL testcross estimate’.  
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Table 5.44 Comparison of P50 (growing degree day units required for 50 percent plants in a plot to shed pollen) estimates of 
MonM x Mp715 NIL testcrosses with testcrosses of donor and recurrent parents. 
Testcross of NIL FT2 + Mp715 (GDUs) FT1 + MonM (GDUs) FT2 + MonM (GDUs) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A 238.08 ± 20.44 11.65 <0.0001* -20.24 ± 23.52 -0.86 0.3902 -20.42 ± 22.54 -0.91 0.3659 
B 237.14 ± 20.71 11.45 <0.0001* -21.18 ± 23.76 -0.89 0.3734 -21.36 ± 22.79 -0.94 0.3494 
C 258.50 ± 20.44 12.65 <0.0001* 0.18 ± 23.52 0.01 0.9939 0.00 ± 22.54 0.00 1.0000 
D 256.42 ± 20.44 12.55 <0.0001* -1.90 ± 23.52 -0.08 0.9355 -2.08 ± 22.54 -0.09 0.9264 
E 254.33 ± 20.44 12.45 <0.0001* -3.99 ± 23.52 -0.17 0.8655 -4.17 ± 22.54 -0.18 0.8535 
F 270.50 ± 20.44 13.24 <0.0001* 12.18 ± 23.52 0.52 0.6049 12.00 ± 22.54 0.53 0.5949 
G 265.42 ± 20.44 12.99 <0.0001* 7.10 ± 23.52 0.30 0.7631 6.92 ± 22.54 0.31 0.7592 
H 260.50 ± 20.44 12.75 <0.0001* 2.18 ± 23.52 0.09 0.9262 2.00 ± 22.54 0.09 0.9294 
I 261.23 ± 20.98 12.45 <0.0001* 2.91 ± 23.98 0.12 0.9036 2.73 ± 23.03 0.12 0.9058 
J 248.81 ± 20.71 12.01 <0.0001* -9.51 ± 23.76 -0.40 0.6892 -9.69 ± 22.79 -0.43 0.6710 
K 270.08 ± 20.44 13.22 <0.0001* 11.76 ± 23.52 0.50 0.6173 11.58 ± 22.54 0.51 0.6077 
L 251.83 ± 20.44 12.32 <0.0001* -6.49 ± 23.52 -0.28 0.7829 -6.67 ± 22.54 -0.30 0.7676 
M 245.00 ± 20.44 11.99 <0.0001* -13.32 ± 23.52 -0.57 0.5715 -13.50 ± 22.54 -0.60 0.5497 
SE = Standard error of the difference between means; *Significant at α=0.05; FT1 = Female tester 1; FT2 = Female tester 2. 
Estimate is the difference in P50 (GDUs) between parental inbred testcross and NIL testcross expressed as ‘parental inbred testcross 
estimate minus NIL testcross estimate’.  
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Table 5.45 Comparison of anthesis silking interval estimates of MonM x Mp715 NIL testcrosses with testcrosses of donor and 
recurrent parents. 
Testcross of NIL FT2 + Mp715 (GDUs) FT1 + MonM (GDUs) FT2 + MonM (GDUs) 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A 10.50 ± 12.70 0.83 0.4099 30.42 ± 16.20 1.88 0.0613 -15.92 ± 15.25 -1.04 0.2975 
B 15.64 ± 12.99 1.20 0.2305 35.57 ± 16.43 2.17 0.0311* -10.77 ± 15.49 -0.70 0.4874 
C 12.58 ± 12.70 0.99 0.3236 32.51 ± 16.20 2.01 0.0456* -13.83 ± 15.25 -0.91 0.3651 
D -8.58 ± 12.70 -0.68 0.5003 11.34 ± 16.20 0.70 0.4843 -35.00 ± 15.25 -2.30 0.0225* 
E 0.50 ± 12.70 0.04 0.9687 20.42 ± 16.20 1.26 0.2083 -25.92 ± 15.25 -1.70 0.0903 
F -10.92 ± 12.70 -0.86 0.3916 9.01 ± 16.20 0.56 0.5785 -37.33 ± 15.25 -2.45 0.0150* 
G 17.17 ± 12.70 1.35 0.1788 37.09 ± 16.20 2.29 0.0227* -9.25 ± 15.25 -0.61 0.5446 
H 10.58 ± 12.70 0.83 0.4062 30.51 ± 16.20 1.88 0.0606 -15.83 ± 15.25 -1.04 0.3000 
I 4.10 ± 13.27 0.31 0.7577 24.03 ± 16.64 1.44 0.1498 -22.31 ± 15.73 -1.42 0.1571 
J -1.31 ± 12.99 -0.10 0.9201 18.62 ± 16.43 1.13 0.2579 -27.72 ± 15.49 -1.79 0.0746 
K 3.33 ± 12.70 0.26 0.7934 23.26 ± 16.20 1.44 0.1520 -23.08 ± 15.25 -1.51 0.1312 
L -6.42 ± 12.70 -0.51 0.6142 13.51 ± 16.20 0.83 0.4050 -32.83 ± 15.25 -2.15 0.0322* 
M -2.00 ± 12.70 -0.16 0.8751 17.92 ± 16.20 1.11 0.2693 -28.42 ± 15.25 -1.86 0.0634 
SE = Standard error of the difference between means; *Significant at α=0.05; FT1 = Female tester 1; FT2 = Female tester 2. 
Estimate is the difference in anthesis silking interval (GDUs) between parental inbred testcross and NIL testcross expressed as 
‘parental inbred testcross estimate minus NIL testcross estimate’.  
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Table 5.46 Comparison of husk coverage rating estimates of MonM x Mp715 NIL testcrosses with testcrosses of donor and 
recurrent parents. 
Testcross of NIL FT2 + Mp715 FT1 + MonM FT2 + MonM 
 Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI Estimate ± SE t value Pr>ItI 
A -0.42 ± 0.20 -2.08 0.0397* -0.04 ± 0.25 -0.17 0.8676 0.33 ± 0.24 1.40 0.1635 
B -0.08 ± 0.20 -0.38 0.7028 0.30 ± 0.26 1.15 0.2494 0.67 ± 0.24 2.77 0.0059* 
C -0.17 ± 0.20 -0.83 0.4073 0.21 ± 0.25 0.82 0.4123 0.58 ± 0.24 2.45 0.0151* 
D -0.08 ± 0.20 -0.42 0.6783 0.29 ± 0.25 1.15 0.2509 0.67 ± 0.24 2.79 0.0056* 
E -0.08 ± 0.20 -0.42 0.6783 0.29 ± 0.25 1.15 0.2509 0.67 ± 0.24 2.79 0.0056* 
F 0.00 ± 0.20 0.00 1.0000 0.37 ± 0.25 1.48 0.1400 0.75 ± 0.24 3.14 0.0019* 
G -0.50 ± 0.20 -2.49 0.0139* -0.13 ± 0.25 -0.50 0.6201 0.25 ± 0.24 1.05 0.2956 
H -0.33 ± 0.20 -1.66 0.0988 0.04 ± 0.25 0.16 0.8711 0.42 ± 0.24 1.75 0.0819 
I -0.27 ± 0.21 -1.28 0.2039 0.11 ± 0.26 0.41 0.6794 0.48 ± 0.25 1.96 0.0505 
J -0.51 ± 0.20 -2.49 0.0139* -0.14 ± 0.26 -0.53 0.5965 0.24 ± 0.24 0.99 0.3236 
K -0.42 ± 0.20 -2.08 0.0397* -0.04 ± 0.25 -0.17 0.8676 0.33 ± 0.24 1.40 0.1635 
L -0.33 ± 0.20 -1.66 0.0988 0.04 ± 0.25 0.16 0.8711 0.42 ± 0.24 1.75 0.0819 
M -0.08 ± 0.20 -0.42 0.6783 0.29 ± 0.25 1.15 0.2509 0.67 ± 0.24 2.79 0.0056* 
SE = Standard error of the difference between means; *Significant at α=0.05; FT1 = Female tester 1; FT2 = Female tester 2. 
Estimate is the difference in husk coverage ratings between parental inbred testcross and NIL testcross expressed as ‘parental inbred 




Table 5.47 Effect of introgression on plant height, ear height, S50, P50, and anthesis silking 
interval of the eight near isogenic lines and their testcrosses compared to their 
respective recurrent parents and recurrent parent testcrosses. 
NIL or NIL testcross PHT EHT S50 P50 ASI 
MonF x Mp313E - A N N - - N 
MT1 or MT2 + (MonF x Mp313E – A) Not placed in hybrid trials 
MonF x Mp313E - F N N N N N 
MT1 or MT2 + (MonF x Mp313E – F) - N N N N 
MonM x Mp313E - H + + N N N 
FT1 or FT2 + (MonM x Mp313E – H) N N N N N 
MonM x Mp313E – L N N N N N 
FT1 or FT2 + (MonM x Mp313E – L) N N N N N 
MonF x Mp715 - E N N - - N 
MT1 or MT2 + (MonF x Mp715 – E) - N N + N 
MonF x Mp715 - H - - - - N 
MT1 or MT2 + (MonF x Mp715 – H) - N N N N 
MonM x Mp715 - L N N N N N 
FT1 or FT2 + (MonM x Mp715 – L) N N N N N 
MonM x Mp715 – M - N N N N 
FT1 or FT2 + (MonM x Mp715 – M) N N N N N 
N = Neutral effect;  - = Negative effect; + = Positive effect; PHT = Plant height; EHT = Ear 
height; S50 and P50 = growing degree days required for 50 percent of plants in a plot to produce 
silks and shed pollen, respectively; FT1 = Female tester 1; FT2 = Female tester 2; MT1 = Male 





Aflatoxin accumulation in the maize grain is a considerable health concern compared to 
the yield losses caused by the Aspergillus ear rot disease. Researchers at the Corn Host Plant 
Resistance Research Unit (CHPRRU) at Mississippi State released several germplasm lines that 
are resistant to aflatoxin accumulation such as Mp313E and Mp715.They have also identified 
several quantitative trait loci (QTL) responsible for the resistance in those germplasm lines. 
However, due to the transition of maize breeding work from public universities to private seed 
companies in 1980s, most of the publicly released germplasm lines were left unused as parents in 
any commercial breeding programs. One of the main reasons for their undesirability is their poor 
agronomics. Unfortunately, most of the resistant QTLs identified in those germplasm lines was 
also never introgressed into commercial breeding lines due to less economic importance of the 
trait and the associated yield drag with their introgression. An attempt was made in this project to 
introgress the QTL 2.04 from Mp313E and QTL 5.03 from Mp715 into the commercial breeding 
lines MonF and MonM and evaluate the newly created near isogenic lines (NILs) and their 
testcrosses for aflatoxin accumulation and other secondary agronomic traits. Some of the 
questions we wanted to answer from this project were given below and I believe that most of the 




1. Would there be a differential response in resistance to aflatoxin accumulation between 
recurrent parents and between donor parents?  
Yes. Overall, MonF NILs improved significantly than MonM NILs in terms of their 
resistance to aflatoxin accumulation with the introgression of QTL 2.04 from Mp313E, 
but there were no differences with the introgression of QTL 5.03 from Mp715. 
Overall, Mp313E NILs improved greater than Mp715 NILs when the recurrent parent 
was MonF, but the response was opposite when the recurrent parent was MonM 
(Table 4.4).  
2. Could we determine the heterotic group of donor parents based on Bayer Company’s 
criteria? Based on the fingerprinting data, neither of the donor parents was close to 
either the female heterotic group or male heterotic group although they were slightly 
closer to MonM. Their tassel size certainly qualify them as male lines. If we assume 
them as males, they should exploit the heterosis more when crossed with MonF due to 
more dissimilar genetic background and should make the NILs more vigorous than the 
recurrent parent in resisting the aflatoxin accumulation and the results appear to 
support that theory (Table 4.4). However, the testcross grain yields of the donor 
parents were not significantly different. If the donor parents belong to a certain 
heterotic group, the grain yield of their testcrosses with opposite gender testers should 
be significantly greater and vice versa because of hybrid vigor, but they were 
strikingly similar (Table 5.13, 5.22, 5.31, and 5.40). This suggests that the genetic 
similarity observed between donor and recurrent parents was probably associated with 




3. Could we pinpoint the marker positions within each QTL region that are providing the 
most amount of aflatoxin accumulation resistance?  
This was the most difficult question to answer. Since so many of the markers between 
different NILs overlapped, and there was no prior information to allow weighing the 
markers by importance or effect, we could not accurately pinpoint the most effective 
markers for the resistance. So, a visual inspection of the marker profiles was 
performed by arranging the near isogenic lines in descending order of aflatoxin 
accumulation and tried to signify the marker weightage (Table 4.11, 4.24, 4.37, and 
4.51). Size of the QTLs used in this project were significantly larger than the optimum 
sizes for an introgression project. This probably require more than the number of 
polymorphic markers used in this project to represent the introgressed QTL region. 
Another complication while answering this question was about the confidence on the 
percentage of recurrent parent background recovered by using only a minimal number 
of polymorphic markers representing the entire genome. So, there was a possibility 
that some of the resistance observed in the aflatoxin accumulation might be because of 
the residual donor parent genome left in the background of the near isogenic lines.  
However, the data from secondary agronomic traits suggests that most of the near 
isogenic lines did not sacrifice the performance of secondary traits at the cost of 
achieving aflatoxin accumulation resistance. Apart from all, this project already used 
approximately 2.7 million marker data points during the marker assisted selection and 
request for any additional resources would have added extra costs.  
4. Would there be any ‘associated yield drag’ in the testcrosses of newly created near 
isogenic lines with the introgression of the QTLs from donor parents? 
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The best way to answer this question was by comparing the grain yield of NIL 
testcrosses with that of recurrent parent testcrosses. Except five NIL testcrosses, all 
others were distinctly similar to their respective recurrent parents. Among the eight 
near isogenic lines (two from each RP x DP cross) that were given priority based on 
their aflatoxin accumulation resistance, none of their testcross yields were significantly 
reduced compared to their recurrent parent testcrosses. In fact, the testcross of NIL F 
from MonF x Mp313E cross produced significantly more grain yield than MT1 + 
MonF testcross. Overall, there was no yield drag associated with the introgression of 
the QTLs from donor parents. Interestingly, grain yields of Mp313E with male and 
female testers were on par with that of recurrent parent testcrosses.  
5. Would there be any negative effect of introgressed QTLs on the plant and ear height as 
well as flowering times of the newly created NILs and their testcrosses? 
Yes, for some traits. Secondary agronomic traits except grain yield were measured on 
both near isogenic lines and their hybrids. Hence, it would be more worth to focus on 
the eight near isogenic lines (two from each RP x DP cross) and their testcrosses while 
answering this question. Results of all those NILs and their testcrosses were compiled 
into Table 5.47 based on the effect of introgressed QTL on various secondary traits in 
comparison to their recurrent parents and recurrent parent testcrosses, respectively. If 
the secondary trait moved significantly towards the ‘undesirable’ spectrum, it was 
marked as negative effect; if it moved significantly towards the ‘desirable’ spectrum, it 
was marked as positive effect; and if it did not change, it was marked as neutral effect. 
Based on the Table 5.47, it could be concluded that barring few negative effects, 
secondary traits of the most NILs were unchanged by the QTL introgression.  
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6. Could we identify at least one or two near isogenic lines from each RP x DP cross that 
improved their resistance to aflatoxin accumulation compared to their recurrent 
parents which can be used as future recurrent parents? 
Yes. Near isogenic line F of MonF x Mp313E cross, NILs H and L of MonM x 
Mp313E cross, NILs E and H of MonF x Mp715 cross, and NILs L and M of MonM x 
Mp715 cross significantly improved their resistance compared to their respective 
recurrent parents. All these NILs could be potentially considered as parents in future 
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